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Abstract — A  standard  method  used 
by  fisheries  managers  to  decrease 
catch  and  effort  is  to  shorten  the 
length  of  a  fishery;  however,  data  on 
recreational  angler  response  to  this 
simple  approach  are  surprisingly 
lacking.  We  assessed  the  effect  of 
variable  season  length  on  daily  fish¬ 
ing  effort,  measured  by  using  num¬ 
bers  of  boat  launches  per  day,  an¬ 
glers  per  boat,  and  anglers  per  day 
from  video  observations,  in  the  rec¬ 
reational  sector  of  the  federal  fishery 
for  red  snapper  (Lutjanus  campecha¬ 
nus)  in  coastal  Alabama.  From  2012 
through  2017,  season  length  fluctu¬ 
ated  from  3  to  40  d.  Daily  effort, 
measured  by  using  mean  number  of 
boat  launches  per  day  (coefficient  of 
multiple  determination  [7?2]=0.58) 
and  mean  number  of  anglers  per  day 
(7?2=0.67),  increased  linearly  with 
season  shortening,  indicating  ef¬ 
fort  compression.  In  2017,  2  seasons 
were  allowed:  an  early  season  (3  d) 
and  an  unanticipated  late  season  (39 
d).  Daily  effort  decreased  during  the 
late  season,  indicating  that  effort 
can  also  be  relaxed  if  anglers  an¬ 
ticipate  longer  seasons.  Model  fit  for 
mean  number  of  anglers  per  day  im¬ 
proved  with  the  addition  of  a  daily 
wind  factor  (i?2=0.94).  The  results  of 
this  study  indicate  that  responses  of 
anglers  to  changing  fishing  seasons 
are  dynamic. 
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Fisheries  managers  have  several  op¬ 
tions  to  reduce  effort  and  decrease 
catch  in  a  fishery.  Among  the  most 
popular  of  these  options  is  limitation 
of  the  length  of  the  fishing  season. 
Shortening  the  length  of  a  fishing 
season  is  assumed  to  reduce  catch 
because  effort  is  reduced;  however, 
the  response  of  anglers  may  not  be 
proportional  to  the  reduction  in  sea¬ 
son  length  (Powers  and  Anson,  2016). 
The  advent  of  derby-style  fisheries 
(in  which  anglers  race  to  take  their 
catch  and  fish  at  an  ever  increas¬ 
ing  rate;  Chu,  2009)  resulted  in  part 
from  the  reduction  in  season  length 
in  several  commercial  fisheries.  Such 
a  race  to  fish  compromises  angler 
safety.  The  adoption  of  individual 
fishing  quotas  has  eliminated  many 
derby-style  fisheries  in  the  commer¬ 
cial  sector  and  has  resulted  in  in¬ 
creased  economic  yields  and  greater 
angler  safety  (Costello  et  al.,  2008; 
Chu,  2009).  In  a  marine  recreation¬ 
al  fishery,  Powers  and  Anson  (2016) 
documented  effort  compression  (i.e., 
increases  in  per  unit  effort  in  re¬ 
sponse  to  decreasing  season  length); 


however,  that  study  did  not  address 
whether  effort  compression  was  re¬ 
versible.  In  the  study  described  in 
this  paper,  we  used  the  unique  con¬ 
ditions  of  the  federal  seasons  of  the 
recreational  fishery  for  red  snapper 
( Lutjanus  campechanus)  in  2017,  in¬ 
cluding  both  the  short  season  (3  d) 
and  the  long  season  (39  d),  to  not 
only  further  examine  effort  compres¬ 
sion  in  response  to  shortened  seasons 
but  also  to  determine  if  relaxation  in 
effort  can  be  measured  in  response  to 
extended  season  lengths. 

The  management  of  the  fishery  for 
red  snapper  in  the  northern  Gulf  of 
Mexico  is  highly  controversial  (Strel- 
check  and  Hood,  2007;  Cowan  et  al., 
2011).  After  decades  of  overfishing, 
the  stock  in  the  Gulf  of  Mexico  is 
currently  classified  as  not  experienc¬ 
ing  overfishing  and  recently  was  de¬ 
clared  no  longer  overfished  (SEDAR, 
2013,  2018).  This  stock  is  expected  to 
be  fully  rebuilt  at  a  spawning  poten¬ 
tial  ratio  of  26%  in  2032.  The  fishery 
is  composed  of  both  commercial  and 
recreational  sectors,  which  share  the 
overall  quota  on  a  51%  to  49%  split. 
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Since  2007,  the  commercial  sector  of  the  fishery  for  red 
snapper  has  been  managed  under  an  individual  fishing 
quota  system  with  no  overage  on  the  sector  quota.  In 

2015,  the  recreational  sector  was  divided  into  a  char¬ 
ter  and  for-hire  sector  and  a  private  recreational  sec¬ 
tor  with  each  sector  sharing  a  percentage  of  the  recre¬ 
ational  annual  catch  limit  (ACL).  The  for-hire  sector 
is  a  closed  fishery  with  a  defined  number  of  permits, 
and  the  length  of  the  season  is  set  each  year  on  the 
basis  of  the  sector’s  share  of  the  recreational  quota  and 
recent  catch  history.  The  private  recreational  sector  is 
an  open  fishery,  and  the  length  of  the  season  is  based 
on  the  same  inputs  as  the  for-hire  sector.  Because  of 
several  factors,  such  as  additional  fishing  days  for  the 
state  season  and  large  estimates  of  daily  catches,  the 
federal  season  for  the  private  recreational  sector  has 
been  reduced  to  a  derby-style  fishery. 

Increasingly  restrictive  regulations  designed  to  limit 
catch  of  red  snapper  in  the  private  recreational  fish¬ 
ery,  which  has  routinely  exceeded  its  share  of  the  ACL, 
have  been  enacted  over  the  last  decade,  progressively 
shortening  the  season  from  194  d  in  2007  to  11  d  in 

2016.  Growing  frustration  by  recreational  anglers,  who 
see  clear  signs  of  recovery  of  the  stock  as  it  rebuilds 
(higher  catch  per  unit  of  effort  and  larger  sized  red 
snapper)  yet  face  shorter  federal  seasons,  has  led  to 
public  questioning  of  the  stock  assessment  and  man¬ 
agement  process.  Public  frustration  rose  to  its  highest 
level  in  2017,  when  the  National  Marine  Fisheries  Ser¬ 
vice  initially  set  the  recreational  season  for  red  snap¬ 
per  in  federal  waters  at  3  d.  Logical  reasons  existed  for 
the  shortened  federal  season  in  earlier  federal  regula¬ 
tions,  including  the  existence  of  separate  recreational 
fisheries  in  state  regulated  waters,  which  increased 
in  2015  from  4.8  to  14.5  km,  or  from  3  to  9  mi,  from 
the  shoreline.  However,  demands  of  anglers  and  policy 
makers  to  extend  the  season  grew.  An  appeal  by  state 
management  agencies  from  all  5  Gulf  states  to  the  sec¬ 
retary  of  the  U.S.  Department  of  Commerce  resulted  in 
the  National  Marine  Fisheries  Service  setting  a  second 
season  of  39  d  for  2017  (Fridays,  Saturdays,  Sundays, 
and  federal  holidays  from  16  June  through  4  Septem¬ 
ber).  In  exchange  for  the  extended  federal  season,  most 
of  the  Gulf  states  agreed  to  close  state  waters  outside 
of  the  federal  season  for  the  remainder  of  2017.  Of 
relevance  to  this  study  is  that  anglers  had  little  prior 
notice  (2-3  d)  of  the  second  season  and  had  no  reason¬ 
able  expectation  a  second  season  would  be  adopted  for 
2017  at  the  time  of  the  initial  3-d  season.  Hence,  the 
2  seasons  in  2017  provided  a  unique  opportunity  to  as¬ 
sess  angler  effort  during  2  seasons  of  different  lengths. 

Materials  and  methods 

Study  site 

We  counted  boat  launches  and  anglers  viewed  in  vid¬ 
eos  recorded  in  2012-2017  by  cameras  installed  at  6 
public  launch  sites  throughout  coastal  Alabama.  We 


used  these  counts  to  quantify  total  daily  effort  of  an¬ 
glers  in  the  private  recreational  sector  of  the  fishery 
for  red  snapper  who  used  those  monitored  public  boat 
launches.  The  6  boat  ramps  are  located  at  Bayou  La 
Batre,  Billy  Goat  Hole,  Little  Billy  Goat  Hole,  Fort 
Morgan,  Boggy  Point,  and  Cotton  Bayou.  The  private 
recreational  community  is  made  up  of  anglers  who  tow 
and  launch  boats  at  public  boat  launches  and  those 
who  have  private  marina  or  dock  access.  In  2015,  ap¬ 
proximately  60%  of  anglers  were  estimated  to  have 
used  public  boat  launches  (K.  Anson,  unpubl.  data). 
Recreational  anglers  have  a  limited  number  of  public 
boat  launches  that  are  used  to  launch  vessels  to  fish 
for  red  snapper  in  offshore  waters,  and  video  cameras 
were  installed  at  the  majority  of  these  public  launches. 
Boaters  leave  these  offshore  boat  launches  to  fish  for 
reef-associated  fishes,  including  red  snapper,  in  the 
Alabama  Artificial  Reef  Zone — a  2670  km2  area  encom¬ 
passing  a  network  of  thousands  of  artificial  reefs  and 
scattered  natural  reefs  beginning  25  km  south  of  the 
Alabama  coast  (Minton  and  Heath,  1998;  Patterson  et 
al.,  2001).  Because  of  their  affinity  for  structured  habi¬ 
tats,  red  snapper  are  relatively  easy  to  target  on  arti¬ 
ficial  and  natural  reef  habitats  (Gallaway  et  al.,  2009; 
Powers  et  al.,  2018). 

Angler  and  boat  counts 

Since  2012,  each  of  the  6  public  boat  launches  has  been 
monitored  by  MIC4121  video  cameras  (Bosch  Security 
Systems,  Inc.,  Fairport,  NY)  that  aid  law  enforcement 
activities.  During  the  federal  recreational  fishery  for 
red  snapper,  the  video  recordings  are  archived  and 
available  for  analysis  of  angler  effort.  Powers  and  An¬ 
son  (2016)  demonstrated  the  efficacy  of  the  analysis  of 
these  archived  videos  in  estimating  angler  effort.  We 
used  the  data  available  in  Powers  and  Anson  (2016)  for 
the  federal  fishery  for  red  snapper  in  2012-2015  and 
collected  additional  data  by  using  identical  methods  for 
the  federal  fishery  seasons  for  red  snapper  in  2016  and 

2017.  Season  lengths  varied  each  year:  40  d  in  2012, 
28  d  in  2013,  9  d  in  2014,  10  d  in  2015,  11  d  in  2016, 
3  d  in  the  short  season  of  2017,  and  39  d  in  the  long 
season  of  2017. 

Analysis  of  video  footage  followed  1  of  2  protocols 
depending  on  season  length:  short  (<11  d)  and  long 
(>  11  d)  seasons.  For  both  protocols,  analysts  counted 
boat  launches  and  anglers  per  boat  while  viewing  the 
archived  videos  for  randomly  chosen  5-min  periods  in 
each  hour  of  footage  recorded  from  0500  to  2059  at  each 
public  boat  ramp.  For  the  short  seasons  (2014,  2015, 
2016,  and  the  short  season  of  2017),  counting  was  done 
every  day  of  the  federal  season.  For  the  long  seasons 
(2012,  2013,  and  the  long  season  of  2017),  20%  of  the 
days  were  selected  at  random  for  counting.  Choosing 
days  randomly  does  have  the  potential  to  bias  our  data 


1  Mention  of  trade  names  or  commercial  companies  is 
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because  effort  probably  is  not  similar  between  weekend 
days  and  holidays  and  weekdays.  This  issue  applies 
only  to  the  2012  and  2013  seasons  because  in  2017  the 
season  was  opened  only  on  Friday-Sunday  (considered 
weekend  days)  and  major  holidays  (e.g.,  the  Fourth 
of  July).  For  the  seasons  in  2012  and  2013,  we  used 
the  modeled  estimates  directly  from  Powers  and  An¬ 
son  (2016)  that  included  a  weekend  and  holiday  factor 
(for  further  details,  see  Powers  and  Anson,  2016).  For 
the  other  seasons  in  the  time  series  (2014,  2015,  2016, 
and  the  short  season  of  2017),  fishing  days  were  con¬ 
secutive  from  0000  on  1  June  to  1159  on  the  last  day. 
Finally,  for  the  seasons  in  2014-2017,  the  frequency  of 
5-min  intervals  analyzed  for  each  hour  from  0500  to 
1000  was  increased  from  1  interval  to  5  intervals  to 
better  capture  the  increased  boat  traffic  during  these 
hours. 

When  watching  the  videos,  analysts  recorded  the 
number  of  boats  launched  and  the  number  of  anglers 
on  each  boat.  For  a  boat  launch  to  have  been  counted, 
the  analyst  had  to  have  observed  the  boat  coming  off 
the  trailer  during  the  5-min  interval.  To  count  the  total 
number  of  potential  anglers,  the  analyst  was  allowed 
to  observe  the  boat  outside  of  the  5-min  interval  to  ac¬ 
count  for  the  time  anglers  might  have  taken  to  return 
from  parking  the  towing  vehicle.  Analysts  classified 
boats  into  1  of  4  categories:  offshore  fishing,  inshore 
fishing,  non-fishing,  and  unknown.  Categorization  was 
based  on  the  size  and  design  of  fishing  vessel  as  well  as 
on  the  presence  and  type  of  fishing  gear.  All  analysts 
were  trained  on  videos  recorded  prior  to  the  study  pe¬ 
riod  by  an  experienced  staff  member  before  they  began 
analyzing  video  recordings  from  the  study  period.  All 
videos  were  viewed  by  a  second  analyst,  and  the  2  sets 
of  observations  were  averaged  to  estimate  the  number 
of  boat  launches  per  5-min  interval  per  ramp  and  the 
number  of  potential  anglers  per  5-min  interval.  The  av¬ 
eraged  observations  were  then  transformed  to  hourly 
estimates  depending  on  the  number  of  5-min  intervals 
observed  within  the  designated  hour.  Daily  estimates 
were  made  by  summing  the  hourly  estimates  for  each 
day.  Finally,  the  daily  estimates  for  each  of  the  6  boat 
launches  were  summed  across  all  days  to  calculate  the 
potential  numbers  of  anglers  and  offshore  boats  during 
the  short  seasons.  For  the  long  seasons,  a  daily  aver¬ 
age  of  potential  numbers  of  anglers  and  offshore  boats 
was  calculated  by  multiplying  the  average  of  each  met¬ 
ric  from  observed  days  at  each  boat  ramp  by  the  total 
number  of  days  in  the  season  and  then  summing  esti¬ 
mates  for  all  boat  launches  to  provide  an  estimate  for 
the  season  (see  Powers  and  Anson,  2016). 

Because  weather  may  affect  angler  effort  (Fraiden- 
burg  and  Bargmann,  1982;  Powers  and  Anson,  2016), 
observations  of  weather  conditions  were  gathered  by 
the  analyst  watching  the  videos  as  well  as  from  near¬ 
by  monitoring  stations.  Analysts  recorded  precipitation 
events  and  cloud  cover  as  binary  responses  ( 1  for  rain, 
0  for  no  rain;  1  for  dark  clouds  present,  0  for  dark 
clouds  not  present).  Maximum  nearshore  hourly  wind 
speed  and  daily  precipitation  were  obtained  from  the 


weather  station  located  near  the  public  boat  ramp  at 
Billy  Goat  Hole  on  Dauphin  Island  (Mobile  Bay  Estu¬ 
ary  Program,  website).  Offshore  hourly  maximum  wind 
speed  and  sea  height  were  obtained  from  the  sea  buoy 
located  22  km  offshore  from  Orange  Beach,  Alabama 
(station  42012;  National  Data  Buoy  Center,  website). 

Analyses 

We  used  linear  and  nonlinear  regression  analyses  of 
the  estimates  for  mean  number  of  anglers  per  day  and 
of  boat  launches  per  day  during  each  season  to  exam¬ 
ine  the  relationship  between  angler  effort  and  season 
duration.  Mean  daily  numbers  of  boat  launches  and 
anglers  were  normally  distributed;  hence,  no  transfor¬ 
mation  was  applied  (Shapiro-Wilk  test  for  both  depen¬ 
dent  variables:  P>0.90).  Next,  multiple  linear  regres¬ 
sions  were  used  to  determine  if  the  model  prediction 
could  be  improved  by  the  addition  of  weather  variables. 
Because  of  the  limited  number  of  years  in  our  study, 
interactions  of  main  effects  could  not  be  included  in  the 
models.  The  corrected  Akaike’s  information  criterion 
(AICc)  was  used  to  compare  model  fits  and  determine 
the  most  parsimonious  model.  Because  nearshore  and 
offshore  winds  were  expected  to  be  strongly  correlated 
and  nearshore  winds  may  influence  anglers’  decisions 
to  fish  for  reef  fishes  more  than  offshore  wind  speeds, 
only  wind  data  from  the  nearshore  weather  station  at 
Dauphin  Island  were  used  in  calculating  the  daily  av¬ 
erage  wind  speed.  Previous  work  has  indicated  that  the 
nearshore  wind  measurements  were  the  better  predic¬ 
tor  of  daily  effort  (Powers  and  Anson,  2016).  Both  wind 
speeds  and  offshore  sea  heights  from  Dauphin  Island 
were  explored  in  the  models  because  the  2  conditions 
were  not  found  to  be  significantly  correlated. 

To  estimate  total  harvest  of  red  snapper  in  the  seg¬ 
ment  of  the  recreational  sector  that  used  public  boat 
launches,  seasonal  estimates  of  the  number  of  anglers 
were  multiplied  by  the  observed  average  number  of  red 
snapper  harvested  per  angler  and  average  weight  of 
red  snapper.  Estimates  of  average  number  of  red  snap¬ 
per  caught  per  angler  and  average  weight  were  derived 
from  dockside  intercepts  of  anglers  interviewed  at  the 
6  boat  ramps  included  in  this  study.  In  2012  and  2013, 
data  necessary  to  produce  these  averages  for  each  year 
were  collected  as  part  of  the  Marine  Recreational  Infor¬ 
mation  Program  of  the  National  Marine  Fisheries  Ser¬ 
vice.  For  2014-2017,  data  collected  as  part  of  dockside 
surveys  conducted  by  the  Marine  Resources  Division  of 
the  Alabama  Department  of  Conservation  and  Natural 
Resources  to  complement  a  new  mandatory  reporting 
program  were  used  to  calculate  the  average  number 
of  red  snapper  harvested  per  angler  and  the  average 
weight  of  red  snapper  for  each  year.  Once  these  season¬ 
al  estimates  of  harvest  in  number  and  weight  were  cal¬ 
culated,  the  relationship  between  these  estimates  and 
season  duration  were  examined  by  linear  regression. 
The  seasonal  estimates  of  number  and  weight  of  red 
snapper  were  normally  distributed  (Shapiro-Wilk  test 
for  both  dependent  variables:  P>0.70),  and  no  trans- 


6 


Fishery  Bulletin  1 1  7(1  -2) 


Discussion 

The  intensity  of  derby-style  fisheries  has  increased  as 
fishing  seasons  shorten.  In  accordance  with  this  notion, 
recreational  anglers  in  coastal  Alabama  have  respond¬ 
ed  to  the  shortening  of  the  fishery  for  red  snapper  by 
increasing  daily  effort.  We  observed  the  highest  daily 
effort  during  the  shortest  season  on  record  (3d).  The 
late  season  in  2017  offered  a  test  of  whether  daily  effort 
would  relax,  given  that  this  additional  (long)  season  was 
unanticipated.  Daily  effort  decreased  in  this  long  season 
in  number  of  boat  launches  and  anglers  per  day.  The 
estimate  for  number  of  anglers  per  day  was  60%  higher 
during  the  short  season  in  2017.  The  3-d  season,  which 
represented  7.7%  of  the  long  season  in  2017,  resulted 
in  a  harvest,  estimated  by  using  landings  by  weight, 
that  was  16.6%  of  the  harvest  of  the  long  season.  This 
nonproportional  response  in  harvest  to  the  difference  in 
length  of  fishing  season  must  be  considered  when  ex¬ 
amining  the  potential  of  changes  in  recreational  season 
length  to  reduce  catch.  More  broadly,  the  results  of  our 
analysis  provide  another  example  of  dynamic  responses 
of  anglers  to  changes  in  fishing  regulations  (Johnson 
and  Carpenter,  1994).  Such  outcomes  are  likely  difficult 
to  predict  at  the  onset  of  a  regulatory  change;  therefore, 
intensive  monitoring  of  angler  response  following  such 
a  regulatory  change  is  needed. 

In  addition  to  season  length,  one  weather  condition 
was  a  significant  factor  in  explaining  fishing  effort. 
Higher  wind  speeds  decreased  daily  effort.  Although 
this  pattern  is  not  surprising  for  an  offshore-based 
fishery,  it  does  provide  some  insight  into  the  applicabil¬ 
ity  of  these  findings  to  study  of  fishing  effort  in  future 
years.  Both  the  short  and  long  seasons  of  2017  were 
characterized  by  modest  winds  throughout  the  season 
(mean  of  2.9  m/s,  or  6.5  mph,  per  day  for  both  sea¬ 
sons);  hence,  this  weather  condition  did  not  confound 
our  predictions  for  2017.  In  earlier  years  of  the  study 
period,  higher  winds  (4. 5-5. 4  m/s  or  10-12  mph)  were 
recorded  and  dampened  daily  effort.  Currently,  there 
are  not  sufficient  data  to  determine  the  effects  of  high 
winds  on  angler  effort  during  an  extremely  short  sea¬ 
son;  however,  the  negative  relationship  between  wind 
speed  and  effort  in  our  study  period  indicates  that 
most  anglers  would  not  go  fishing  under  conditions 
with  high  wind  speeds. 

The  red  snapper  is  an  immensely  popular  target 
species  in  the  Gulf  of  Mexico.  For  recreational  anglers 
with  boats  capable  of  going  out  to  offshore  waters, 
catching  red  snapper  is  almost  viewed  as  a  fundamen¬ 
tal  right.  The  controversy  over  the  management  of  this 
fishery  will  likely  persist  as  the  stock  rebuilds  because 
anglers  will  continue  to  observe  first-hand  signs  of  re¬ 
covery  while  they  remain  under  the  restrictive  regu¬ 
lations  of  a  stock  rebuilding  plan.  As  more  fisheries 
experience  stock  rebuilding,  similar  issues  involving  a 
perceived  disconnect  between  angler  experiences  and 
rebuilding  regulations  are  likely  to  arise.  Our  analy¬ 
sis  indicates  that  achieving  rebuilding  targets  is  even 
more  challenging  when  fishing  effort  is  compressed — 


when  anglers  take  more  trips  over  a  short  period  of 
time  as  they  anticipate  shortened  seasons.  Effort  com¬ 
pression  and  the  fact  that  this  compression  varies  with 
wind  speed  contributes  to  management  uncertainty 
and  must  be  considered  in  formulations  of  manage¬ 
ment  strategies  designed  to  maintain  landings  of  red 
snapper  below  ACLs.  The  results  of  this  study  indicate 
that,  as  ACLs  increase  and  longer  seasons  are  war¬ 
ranted,  effort  compression  may  be  relaxed  and  afford 
even  longer  seasons. 
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Abstract — From  late  2014  through 
2017,  fishery  observers  in  the  North 
Pacific  Observer  Program,  Nation¬ 
al  Marine  Fisheries  Service,  were 
trained  in  the  identification  and 
sampling  of  skate  egg  cases  to  inves¬ 
tigate  the  interactions  between  fish¬ 
eries  and  skate  nursery  areas  in  the 
eastern  Bering  Sea.  Trained  observ¬ 
ers  identified  and  assessed  2887  egg 
cases  in  a  wide  range  of  fisheries 
across  all  gear  types,  with  the  ma¬ 
jority  of  egg  cases  being  encountered 
on  vessels  targeting  deepwater  spe¬ 
cies,  such  as  the  arrowtooth  floun¬ 
der  ( Atheresthes  stomias),  Greenland 
halibut  ( Reinhardtius  hippoglossoi- 
des ),  Pacific  cod  (Gadus  macroceph- 
alus),  and  sablefish  (Anoplopoma 
fimbria).  A  large  proportion  of  the 
egg  cases  identified  were  reported 
on  boats  using  bottom  trawling  gear, 
but  an  even  greater  proportion  were 
reported  on  longliners.  Egg  cases 
identified  represent  10  skate  taxa. 
Over  half  (67%)  of  them  were  iden¬ 
tified  as  Alaska  skate  ( Bathyraja 
parmifera),  and  19%  were  identified 
as  either  Aleutian  skate  (B.  aleuti- 
ca)  or  Bering  skate  ( B .  interrupta). 
More  than  42%  of  all  the  egg  cases 
assessed  were  viable  (contained  a 
living  skate);  over  50%  of  egg  cases 
of  Alaska  skate  and  of  egg  cases  en¬ 
countered  on  longliners  were  viable. 
The  highest  concentrations  of  egg 
cases  generally  were  reported  near 
known  skate  nursery  areas,  par¬ 
ticularly  in  the  Bering,  Pribilof,  and 
Pervenets  Canyons. 
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Skates  (Rajiformes)  form  an  impor¬ 
tant  and  diverse  component  of  the 
ichthyofauna  in  the  eastern  Bering 
Sea  (EBS).  At  least  12  species  of 
skates  are  currently  known  to  occur 
in  the  EBS  (Stevenson  et  al.,  2007), 
and  the  overall  biomass  of  skates  in 
this  region  is  currently  estimated  at 
about  600,000  metric  tons  (Ormseth, 
2017).  On  the  EBS  shelf,  the  skate 
fauna  is  dominated  by  the  Alaska 
skate  (Bathyraja  parmifera),  which 
accounts  for  over  90%  of  the  skate 
biomass  at  depths  <200  m  (Steven¬ 
son  et  al.,  2008).  In  the  deeper  wa¬ 
ters  of  the  EBS  outer  shelf  and  up¬ 
per  continental  slope,  skate  diversity 
increases  as  other  species,  such  as 
the  Aleutian  skate  ( B .  aleutica),  Ber¬ 
ing  skate1  (B.  interrupta),  mud  skate 
(B.  taranetzi),  Commander  skate  (B. 
lindbergi),  and  whiteblotched  skate 
(B.  maculata),  are  encountered  more 
frequently  (Hoff,  2016).  The  conti¬ 
nental  slope  of  the  EBS  is  an  area 
of  particularly  high  skate  diversity, 


1  We  recognize  Bathyraja  kincaidii  on  the 

west  coast  of  North  America  as  a  species 
distinct  from  B.  interrupta  in  Alaska  wa¬ 
ters;  therefore,  we  retain  the  common 
name  Bering  skate,  rather  than  sand¬ 
paper  skate,  for  this  species  (see  Ebert, 
2003;  Stevenson  et  al.,  2007). 


and  as  many  as  7  species  have  been 
encountered  in  a  single  haul  (Steven¬ 
son  et  al.,  2008). 

Skates  are  oviparous,  depositing 
their  eggs  in  egg  cases  on  the  sea¬ 
floor.  In  the  Bering  Sea,  several  spe¬ 
cies  of  skates  congregate  in  small,  lo¬ 
calized  nursery  areas  along  the  outer 
continental  shelf  and  upper  slope  to 
deposit  their  eggs  (Hoff,  2008,  2010). 
These  sites  may  reach  densities  of 
800,000  eggs/km2,  are  occupied  by 
skates  continuously  throughout  the 
year,  and  have  been  persistently 
used  by  skates  for  decades  (Hoff, 
2010).  For  at  least  some  species  of 
skates,  the  incubation  time  from 
egg  deposition  to  hatching  may  be 
3-4  years  (Hoff,  2008),  and  hatch¬ 
lings  are  relatively  large  (14-25  cm 
in  total  length)  and  fully  developed 
(Hoff,  2009).  These  early  life  history 
characteristics,  combined  with  the 
adult  characteristics  of  large  size, 
slow  growth,  late  maturation,  and 
low  fecundity,  make  skates  particu¬ 
larly  vulnerable  to  both  natural  and 
anthropogenic  disturbances  (Dulvy 
et  al.,  2000;  Frisk  et  al.,  2005;  Matta 
and  Gunderson,  2007). 

Alaska’s  marine  ecosystems  are 
highly  productive,  supporting  nu¬ 
merous  fisheries  for  benthic  and 
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benthopelagic  species,  such  as  walleye  pol¬ 
lock  ( Gadus  chalcogrammus),  Pacific  cod  ( Ga - 
dus  macrocephalus),  sablefish  ( Anoplopoma 
fimbria),  and  several  species  of  rockfishes 
(Scorpaenidae)  and  flatfish  (Pleuronectidae). 
Although  they  are  not  targeted,  significant 
numbers  of  skates  are  encountered  as  by- 
catch  in  a  number  of  the  fisheries  of  Alaska, 
particularly  the  longline  fishery  for  Pacific 
cod  (Stevenson  and  Lewis,  2010).  These  fish¬ 
eries  regularly  encounter  skate  egg  cases,  in 
addition  to  adult  and  juvenile  skates  (senior 
author,  personal  observ.;  North  Pacific  Ob¬ 
server  Program2).  Egg  cases  are  brought  to 
the  surface  when  they  are  captured  in  trawl 
nets  or  entangled  in  longline  gear.  Egg  cases 
captured  during  fishing  operations  are  gener¬ 
ally  returned  to  the  sea.  Unknown  are  the 
proportion  of  captured  egg  cases  that  contain 
viable  embryos  and  the  mortality  associated 
with  viable  eggs  that  are  subjected  to  capture 
and  subsequent  release  by  fisheries. 

At  least  26  nursery  areas  for  6  species 
of  skates  have  been  identified  in  the  EBS 
(Rooper  et  al.,  in  press).  These  sites  are  lo¬ 
cated  along  the  outer  continental  shelf  and 
upper  slope,  at  depths  ranging  from  -150  m  to  1069 
m.  In  2015,  the  North  Pacific  Fishery  Management 
Council  designated  6  of  the  known  skate  nursery  ar¬ 
eas  in  the  EBS  (Fig.  1)  as  habitat  areas  of  particu¬ 
lar  concern  (HAPC),  suggesting  that  these  areas  “are 
rare  and  provide  an  important  ecological  function” 
(Federal  Register,  2015).  Although  this  designation 
did  not  provide  any  protection  for  these  6  HAPC,  it 
included  a  recommendation  that  the  National  Marine 
Fisheries  Service  monitor  these  sites  for  potential  ef¬ 
fects  of  fishing.  The  overall  goal  of  this  study  was  to 
provide  additional  information  on  fishery  interactions 
with  skate  egg  cases  and  skate  nursery  areas  in  the 
EBS,  by  using  data  collected  by  fishery  observers  in 
the  North  Pacific  Observer  Program.  Specifically,  the 
objectives  of  this  study  were  1)  to  identify  the  species 
of  skates  for  which  fisheries  encounter  eggs,  2)  to 
determine  the  proportion  of  skate  eggs  encountered 
by  fisheries  that  are  viable,  and  3)  to  identify  poten¬ 
tially  unknown  nursery  areas  by  determining  the  lo¬ 
cation  of  viable  skate  eggs  encountered  by  fisheries 
relative  to  documented  skate  nursery  areas. 

Materials  and  methods 

All  data  used  in  this  study  were  collected  by  fishery 
observers  in  the  North  Pacific  Observer  Program, 
which  monitors  commercial  fishing  activity  in  the  fed¬ 
eral  waters  of  the  U.S.  exclusive  economic  zone  of  the 


2  North  Pacific  Observer  Program.  2018.  Unpubl.  data. 
North  Pac.  Obs.  Program,  7600  Sand  Point  Way  NE,  Seattle, 
WA  98115. 


North  Pacific  Ocean,  Gulf  of  Alaska,  Aleutian  Islands, 
and  EBS.  All  vessels  over  12  m  (40  ft)  in  length  that 
participate  in  federally  managed  commercial  ground- 
fish  fisheries  are  required  to  carry  a  fishery  observer 
for  at  least  a  portion  of  their  fishing  activity.  Observ¬ 
ers  record  data  on  fishing  effort  and  catch  composition, 
using  a  variety  of  subsampling  methods  depending  on 
gear  type  and  logistical  constraints,  as  detailed  in  the 
sampling  manual  produced  annually  by  the  program 
(AFSC3).  To  the  extent  possible,  observers  identify 
sampled  individuals  of  all  federally  managed  groups 
(e.g.,  rockfish,  flatfish,  skate)  to  the  species  level  and 
other  species  to  the  family  level.  Skate  egg  cases  ap¬ 
pearing  in  observer  samples  are  counted  and  recorded 
simply  as  skate  egg  case  unidentified,  regardless  of  spe¬ 
cies  or  condition. 

Data  collection  for  this  study  was  restricted  to  the 
EBS  and  occurred  from  15  November  2014  through 
15  November  2017.  During  this  period,  over  500  ex¬ 
perienced  observers  were  trained  in  the  species-level 
identification  of  skate  egg  cases.  Trainees  were  issued 
several  tools  for  the  identification  of  skate  egg  cases, 
including  a  dichotomous  key,  a  picture  guide,  and  a 
length-width  chart.  They  were  also  given  data  forms, 
on  which  they  were  instructed  to  record  observer 
name,  gear  type,  cruise  number,  permit  number,  haul, 
date,  species,  total  number  non-viable,  total  number  vi¬ 
able,  and  comments.  An  egg  case  was  considered  viable 
if  it  contained  a  yolk  mass  or  a  skate  embryo  in  any 


3  AFSC  (Alaska  Fisheries  Science  Center).  2016.  2017  ob¬ 

server  sampling  manual,  585  p.  Fish.  Monit.  Anal.  Div., 
North  Pac.  Groundfish  Obs.  Program,  Alaska  Fish.  Sci. 
Cent.,  Seattle,  WA.  [Available  from  website.] 
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Table  1 

Number  of  egg  cases  of  skates  identified  by  observers  aboard  commercial  fishing  vessels  in  the  eastern  Bering  Sea  from 
November  2014  through  November  2017,  by  gear  type  and  presumed  target  species. 

Predominant  (target)  species 

Deepwater  Other 

Pacific  flatfish  Walleye  Pacific  flatfish  Rockfish 


Gear  type 

cod 

species 

Sablefish 

pollock 

halibut 

species 

species 

Other 

Total 

Longline 

1514 

308 

1 

17 

i 

27 

1868 

Bottom  trawl 

3 

612 

39 

91 

71 

59 

1 

876 

Pelagic  trawl 

5 

133 

2 

1 

141 

Pot 

1 

1 

2 

Total 

1518 

617 

309 

173 

108 

74 

60 

28 

2887 

stage  of  development;  an  egg  case  was  deter¬ 
mined  to  be  non-viable  if  it  was  empty  or  full 
of  sediment.  Observers  trained  for  this  project 
recorded  species  identifications  and  viability 
assessments  of  skate  egg  cases  on  data  forms, 
and  they  turned  in  their  forms  during  post¬ 
cruise  debriefing.  Ultimately,  these  data  forms 
were  returned  to  the  main  office  of  the  North 
Pacific  Observer  Program  in  Seattle. 

Only  species-level  data  recorded  by  project 
participants  were  used  to  create  distribution 
maps  for  individual  species.  The  position  of 
each  haul  was  determined  by  the  deployment 
latitude  and  longitude  recorded  by  the  observer 
in  the  field.  Because  observers  did  not  record 
the  target  species  of  commercial  fishing  opera¬ 
tions,  the  predominant  species  was  used  to  in¬ 
fer  target  species  for  each  haul.  Nonparametric 
Mann-Whitney  U  tests  were  conducted  to  de¬ 
termine  the  significance  of  differences  among 
proportions  of  egg  cases  that  were  viable. 


Results 


A 


Alaska 


Bering  Sea 


m & 


' _ A< 


Figure  2 

Map  of  the  locations  (gray  dots)  of  all  hauls  from  which  egg 
cases  of  skates  were  identified  and  assessed  by  fishery  observ¬ 
ers  aboard  commercial  fishing  vessels  in  the  eastern  Bering  Sea 
from  November  2014  through  November  2017.  The  gray  line  in¬ 
dicates  the  200  m  isobath. 


Fishery  observers  in  the  EBS  identified  and  as¬ 
sessed  the  viability  of  2887  skate  egg  cases  from 
408  hauls  of  commercial  fishing  vessels  for  this  project 
(Fig.  2).  Sampled  hauls  were  distributed  broadly  across 
the  continental  shelf  and  upper  slope,  ranging  in  depth 
from  45  to  684  m,  but  they  were  concentrated  near  the 
break  between  the  shelf  and  slope.  The  number  of  egg 
cases  in  a  single  sampled  haul  ranged*  from  1  to  204 
(mean:  5.4  egg  cases),  and  as  many  as  3  species  of  skates 
were  identified  from  egg  cases  sampled  in  a  single  haul. 

Observers  identified  egg  cases  from  a  wide  variety  of 
fisheries  and  gear  types,  but  over  half  of  all  egg  cases 
identified  for  this  study  were  encountered  on  longline 
vessels  targeting  Pacific  cod  (Table  1).  Smaller  num¬ 
bers  of  egg  cases  were  encountered  on  vessels  using 
bottom  trawling  gear,  particularly  those  targeting 


deepwater  flatfish  species  (arrowtooth  flounder,  Ather- 
esthes  stomias,  and  Greenland  halibut,  Reinhardtius 
hippoglossoides),  and  on  vessels  using  pelagic  trawls 
and  even  pots. 

Egg  cases  identified  by  observers  represent  10  puta¬ 
tive  taxa  (Table  2).  Over  67%  of  egg  cases  were  identi¬ 
fied  as  Bathyraja  parmifera,  and  the  next  most  com¬ 
mon  taxa  were  B.  aleutica  (12%)  and  B.  interrupta 
(7%).  The  other  7  taxa  combined  for  the  remaining 
14%  of  the  identified  egg  cases.  The  egg  cases  of  Com¬ 
mander  skate  and  whiteblotched  skate  are  very  similar 
and  are  extremely  difficult  to  distinguish  without  mag¬ 
nification.  Therefore,  for  the  purposes  of  this  study,  the 
2  species  were  combined  into  a  single  taxon. 
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Table  2 

Viability  of  egg  cases  of  skates  identified  by  observers  aboard  commercial  fishing  ves¬ 
sels  in  the  eastern  Bering  Sea  from  November  2014  through  November  2017.  Viable 
egg  cases  contained  a  yolk  mass  or  an  embryo  in  some  stage  of  development.  Mean  per¬ 
centages  of  viable  egg  cases  are  presented  with  standard  errors  (SEs)  in  parentheses. 

Species 

Empty 

Viable 

Viable  (%) 

Total 

Bathyraja  parmifera 

976 

979 

50.1  (2.4) 

1955 

Bathyraja  aleutica 

259 

88 

25.4  (3.8) 

347 

Bathyraja  interrupta 

157 

46 

22.7  (4.8) 

203 

Bathyraja  lindbergi  / maculata 

153 

61 

28.5  (6.7) 

214 

Bathyraja  minispinosa 

92 

36 

28.1  (6.9) 

128 

Bathyraja  abyssicola 

16 

7 

30.4(7.9) 

23 

Bathyraja  taranetzi 

6 

3 

33.3  (16.7) 

9 

Raja  rhina 

4 

0 

0 

4 

Bathyraja  trachura 

2 

1 

33.3  (33.3) 

3 

Amblyraja  hyperborea 

1 

0 

0 

1 

Total 

1666 

1221 

42.3  (1.8) 

2887 

Approximately  42%  of  egg  cases  assessed  by  observ¬ 
ers  were  classified  as  viable,  although  viability  propor¬ 
tions  were  not  uniform  across  species  or  gear  type.  For 
most  species,  viability  proportions  ranged  from  about 
20%  to  30%  (Table  2),  but  the  proportion  for  egg  cases 
of  Alaska  skate  was  significantly  higher  (P<0.0001). 
Among  gear  types,  over  half  (53.9%)  of  egg  cases  as¬ 
sessed  on  longline  vessels  were  classified  as  viable  (Ta¬ 
ble  3),  but  the  percentages  of  egg  cases  that  were  vi¬ 
able  for  the  2  types  of  trawling  gear  were  significantly 
lower  (P<0.0001).  The  sample  sizes  for  several  species 
and  from  boats  using  pot  gear  were  too  low  to  provide 
credible  estimates  of  viability. 

Most  of  the  egg  cases  identified  by  observers  as 
B.  parmifera,  B.  aleutica,  or  B.  interrupta  were  con¬ 
centrated  near  the  6  nursery  areas  designated  as 
HAPC.  Egg  cases  of  Alaska  skate  were  the  most 
broadly  distributed,  with  high  concentrations  caught 
near  the  Bering  1,  Pribilof,  and  Pervenets  sites  (Fig. 
3A).  Additional  high  concentrations  were  reported  in 
the  northern  part  of  Pribilof  Canyon  and  the  south¬ 
ern  part  of  Zhemchug  Canyon.  Egg  cases  of  Aleutian 
skate  were  concentrated  near  the  Bering  2  and  Per¬ 
venets  sites,  with  very  few  reported  in  other  areas 
(Fig.  3B).  Egg  cases  of  Bering  skate  were  encoun¬ 
tered  primarily  near  the  Pervenets  site,  although 
some  were  also  reported  near  the  Bristol  site  and 
farther  south  in  Bering  Canyon  (Fig.  3C).  Observers 
identified  large  numbers  (20  or  more)  of  egg  cases 
of  Alaska  skate  in  18  separate  hauls,  but  egg  cases 
of  Aleutian  skate  and  Bering  skate  were  recorded  in 
large  numbers  much  less  frequently  (1  and  2  hauls, 
respectively).  The  other  2  taxa  that  were  identified 
in  moderate  numbers  (B.  minispinosa  and  the  taxon 
for  individuals  that  could  be  B.  lindbergi  or  B.  macu- 
lata)  were  reported  primarily  from  the  southern  rim 
of  Bering  Canyon,  near  the  eastern  Aleutian  Islands. 


Table  3 

Viability  by  gear  type  for  egg  cases  of  skates  identified 
and  assessed  by  observers  aboard  commercial  fishing 
vessels  in  the  eastern  Bering  Sea  from  November  2014 
through  November  2017.  Viable  egg  cases  contained  a 
yolk  mass  or  an  embryo  in  some  stage  of  development. 
Mean  percentages  of  viable  egg  cases  are  presented 
with  standard  errors  (SEs)  in  parentheses. 


Gear  type 

Empty 

Viable 

Viable  (%) 

Total 

Longline 

861 

1008 

53.9(2.7) 

1868 

Bottom  trawl 

697 

178 

20.3  (2.2) 

876 

Pelagic  trawl 

106 

35 

24.8  (4.5) 

141 

Pot 

2 

0 

0 

2 

Total 

1666 

1221 

42.3  (1.8) 

2887 

Discussion 

The  results  of  this  study  indicate  that  the  egg  cases  of 
a  variety  of  skate  species  are  regularly  encountered  in 
the  commercial  fisheries  of  Alaska.  These  encounters 
are  most  common  in  the  canyon  areas  of  the  EBS,  near 
the  shelf  break,  at  depths  favored  by  skates  for  egg 
deposition  (Hoff,  2008,  2010).  Therefore,  fisheries  for 
relatively  deepwater  species,  such  as  the  arrowtooth 
flounder,  Greenland  halibut,  Pacific  cod,  and  sablefish, 
are  more  likely  to  encounter  egg  cases  of  skates  than 
fisheries  for  relatively  shallow-water  species,  such  as 
walleye  pollock  and  small  flatfish  species. 

A  somewhat  surprising  result  of  this  study  was  the 
relatively  high  number  of  egg  cases  of  skates  reported 
on  vessels  fishing  with  longline  gear.  It  is  clear  that  a 
trawl  sweeping  the  seafloor  would  collect  the  egg  cases 
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Figure  3 

Maps  of  the  geographic  distribution  of  skate  egg  cases 
(gray  circles)  identified  as  (A)  Alaska  skate  ( Bathy - 
raja  parmifera),  (B)  Aleutian  skate  {B.  aleutica),  and 
(C)  Bering  skate  ( B .  interrupta)  by  fishery  observers 
aboard  commercial  fishing  vessels  in  the  eastern  Ber¬ 
ing  Sea  from  November  2014  through  November  2017. 
Open  stars  represent  skate  nursery  areas  designated 
as  habitat  areas  of  particular  concern.  The  gray  lines 
indicate  the  200-m  isobath. 


that  it  sweeps  over;  however,  longline  gear  catches  fish 
by  attracting  them  to  bite  baited  hooks,  an  action  skate 
egg  cases  obviously  cannot  take.  Still,  although  long- 
line  gear  does  not  sweep  the  seafloor  in  the  same  way 
that  trawling  gear  does,  the  groundline  of  a  longline 
gear  can  move  considerable  distances  across  the  bot¬ 
tom,  under  the  influence  of  currents  or  large  hooked 
fish  and  during  gear  retrieval  (High4).  As  a  result,  ses¬ 
sile  benthic  organisms,  such  as  corals  and  sponges,  are 
commonly  caught  with  longline  gear  (Duran  Munoz  et 
ah,  2011;  Sampaio  et  ah,  2012),  and  clearly  skate  egg 
cases  fall  into  this  category  as  well.  In  fact,  the  struc¬ 
ture  of  egg  cases — with  long,  curled  horns  on  the  ends 
and  sticky  byssal  threads  attached  along  the  margins 
(Stevenson  et  ah,  2007),  adaptations  that  presumably 
keep  them  from  being  swept  into  less  favorable  areas 
by  bottom  currents — makes  them  ideally  suited  to  cling 
to  passing  lines  and  hooks  as  well  as  to  other  egg  cas¬ 
es.  These  results  indicate  that  the  effects  of  longline 
fishing  on  skate  nursery  areas  may  be  similar  to  the 
effects  of  bottom  trawling. 

The  relative  abundance  of  skate  egg  cases  identified 
to  the  species  level  by  observers  in  this  study  is  consis¬ 
tent  with  abundance  patterns  reported  for  adult  skates 
in  the  EBS.  The  Alaska  skate  is  by  far  the  most  abun¬ 
dant  skate  on  the  EBS  shelf,  accounting  for  95%  of  the 
overall  skate  abundance  at  depths  <200  m  (Stevenson 
et  al.,  2008;  Stevenson  and  Lewis,  2010),  and  it  is  also 
by  far  the  most  common  species  of  egg  case  identified 
by  observers  in  this  study.  In  the  deeper  waters  of  the 
continental  shelf  and  upper  continental  slope,  other  spe¬ 
cies  of  skates,  such  as  the  Aleutian,  Bering,  Commander 
,  and  whiteblotched  skates,  become  more  abundant  (Ste¬ 
venson  et  ah,  2008),  and  egg  cases  of  these  species  were 
identified  with  regularity  by  observers  in  this  project. 

Both  for  the  taxon  that  combined  the  Commander 
and  whiteblotched  skates  and  for  B.  minispinosa,  over 
80%  of  all  the  egg  cases  identified  for  this  study  were 
reported  by  a  single  observer  on  a  single  cruise,  indi¬ 
cating  the  possibility  that  the  abundance  of  these  taxa 
may  be  inflated  by  misidentification.  Likewise,  a  small 
number  of  egg  cases  were  identified  by  observers  as 
deepsea  skate  ( B .  abyssicola),  and  one  egg  case  was 
identified  as  an  Arctic  skate  ( Amblyraja  hyperborea, 
previously  known  as  A.  badia  in  the  North  Pacific). 
Both  of  those  species  are  extremely  rare  in  the  Ber¬ 
ing  Sea  and  are  found  only  in  very  deep  water  (Ste¬ 
venson  et  al.,  2007).  Because  none  of  these  specimens 
were  photographed  or  collected  for  species  verifica¬ 
tion,  the  possibility  remains  that  they  could  have  been 
misidentified. 

Less  than  half  of  the  egg  cases  examined  by  ob¬ 
servers  in  this  study  were  classified  as  viable;  there¬ 
fore,  most  of  the  fishery  interactions  documented 
here  involved  empty  egg  cases.  However,  for  one  spe- 


4  High,  W.  L.  1998.  Observations  of  a  scientist/diver  on  fish¬ 
ing  technology  and  fisheries  biology.  AFSC  Proc.  Rep.  98-01, 
48  p.  Alaska  Fish.  Sci.  Cent.,  Natl.  Mar.  Fish.  Serv.,  Se¬ 
attle,  WA.  [Available  from  website.] 
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cies  (Alaska  skate)  and  one  gear  type  (longline),  over 
half  of  the  egg  cases  were  assessed  as  viable.  For  all 
other  species  and  gear  types,  the  proportion  of  egg 
cases  that  were  viable  was  no  more  than  30%.  This 
discrepancy  may  indicate  that  more  fishing  activity 
is  occurring  near  the  central  portion  of  nursery  areas 
used  by  Alaska  skate  than  near  those  used  by  other 
species  and  that  longline  vessels  are  fishing  closer  to 
these  areas  than  trawlers. 

Hoff  (2010)  found  that  skate  nursery  areas  gener¬ 
ally  consist  of  small  areas  with  a  high  percentage  of  vi¬ 
able  eggs  surrounded  by  larger  areas  of  predominantly 
(>70%)  empty  egg  cases;  therefore,  fishing  activity  near 
these  high-density  areas  of  nursery  sites  lead  to  inter¬ 
actions  with  higher  proportions  of  viable  eggs.  How¬ 
ever,  this  difference  in  viability  proportion  among  gear 
types  may  be  at  least  partially  due  to  sampling  arti¬ 
facts.  Egg  cases  captured  in  trawls  may  be  subjected 
to  very  different  forces  than  egg  cases  pulled  up  on 
a  longline.  Skate  embryos  can  be  expelled  from  their 
egg  cases  during  capture  and  gear  retrieval,  and  it  can 
be  difficult  to  determine  whether  a  particular  egg  case 
was  empty  when  encountered  by  the  fishing  gear  or  it 
had  an  embryo  that  was  squeezed  out  at  some  point 
between  capture  and  assessment.  Therefore,  without 
additional  information  on  the  relative  expulsion  rate 
of  skate  embryos  from  egg  cases  captured  in  different 
gear  types,  it  is  difficult  to  interpret  the  differences  in 
viability  rates  presented  here  for  egg  cases  captured 
with  different  gear  types. 

For  viable  egg  cases,  the  mortality  rate  of  skate 
embryos  brought  to  the  surface  by  fishing  gear  is  un¬ 
known.  In  fact,  discard  mortality  even  for  adult  skates 
is  not  well  known,  although  recent  studies  have  begun 
to  examine  at  least  the  short-term  mortality  of  skate 
bycatch  (see  review  by  Ellis  et  al.,  2017).  Skate  embry¬ 
os  of  viable  egg  cases  caught  in  fishing  gear  may  suffer 
increased  mortality  for  a  number  of  reasons,  including 
hook  puncture,  thermal  stress,  barotrauma,  and  crush¬ 
ing  and  concussive  stress.  Even  if  they  are  not  injured 
directly,  discarded  egg  cases  may  be  displaced  sever¬ 
al  kilometers  or  more  from  the  nursery  area,  leaving 
them  more  vulnerable  to  predation  and  possibly  expos¬ 
ing  them  to  environmental  conditions  that  are  develop- 
mentally  suboptimal  or  even  lethal. 

The  majority  of  egg  cases  identified  for  this  study 
were  encountered  near  documented  skate  nursery 
areas,  particularly  the  nursery  areas  designated  as 
HAPC.  Egg  case  densities  at  these  sites  can  be  as 
high  as  800,000  eggs/km2  (Hoff,  2008,  2010),  and  nurs¬ 
ery  areas  cover  several  square  kilometers  of  seafloor. 
Therefore,  fishing  operations  conducted  near  these 
sites  are  expected  to  encounter  high  concentrations  of 
egg  cases.  Concentrations  of  egg  cases  for  Alaska  skate 
were  reported  in  2  additional  areas  well  away  from  all 
nursery  areas  designated  as  HAPC.  One  of  these  ar¬ 
eas  of  concentration,  in  the  southern  part  of  Zhemchug 
Canyon,  is  near  a  known  nursery  area  for  Alaska  skate 
that  has  not  been  designated  as  an  HPAC  (Rooper  et 
al.,  in  press),  likely  explaining  the  abundance  of  egg 


cases  in  that  area.  The  other  area  of  concentration,  in 
the  northwestern  part  of  Pribilof  Canyon,  is  not  near 
any  known  nursery  area  for  Alaska  skate,  although  2 
nursery  areas  for  other  species  ( B .  minispinosa  and  the 
deepsea  skate)  are  known  in  this  area  (Rooper  et  al., 
in  press).  This  area  of  concentration  of  egg  cases  may 
indicate  the  presence  of  an  additional  nursery  area  for 
Alaska  skate  that  has  not  yet  been  documented. 

The  overall  number  of  egg  cases  reported  by  observ¬ 
ers,  and  the  locations  of  those  encounters,  indicate  that 
fishing  gear  is  being  deployed  in  and  around  skate 
nursery  areas,  including  those  designated  as  HAPC. 
Clearly,  skate  embryos  of  viable  egg  cases  caught  in 
fishing  gear  are  exposed  to  increased  mortality  rates. 
However,  fishing  activities  have  a  variety  of  both  short- 
and  long-term  effects  on  benthic  marine  communities 
(Auster  et  al.,  1996;  Auster  and  Langton,  1999),  includ¬ 
ing  the  disturbance  and  redistribution  of  sediments 
and  benthic  organisms  as  well  as  the  outright  physical 
impacts  on  organisms  contacted,  but  not  captured  by, 
fishing  gear.  In  addition,  although  some  types  of  ben¬ 
thic  habitat  are  more  vulnerable  than  others  and  some 
types  of  fishing  gear  are  more  damaging  than  others 
(Grabowski  et  al.,  2014;  Hiddink  et  al.,  2017),  the  ef¬ 
fects  of  any  fishing  gear  on  skate  nursery  areas  have 
not  been  assessed.  Therefore,  fishing  activity  may  be 
causing  additional  mortality  to  embryos  not  recorded 
in  catch  statistics,  and  the  overall  effects  of  fishery  in¬ 
teractions  with  skate  egg  cases  and  nursery  areas  are 
still  largely  unknown. 

Skate  populations  in  the  EBS  appear  to  be  healthy, 
and  their  overall  biomass  has  been  stable  over  the 
past  30  years  (Hoff,  2006;  Ormseth,  2017).  However, 
significant  community  shifts  in  skate  assemblages  are 
not  necessarily  accompanied  by  declines  in  overall  bio¬ 
mass  (Dulvy  et  al.,  2000;  Stevens  et  al.,  2000),  and  the 
slow  growth  and  low  reproductive  potential  exhibited 
by  most  skates  (Ebert,  2005;  Ebert  et  al.,  2008)  make 
them  particularly  vulnerable  to  environmental  distur¬ 
bance.  Therefore,  a  cautious  approach  to  the  manage¬ 
ment  and  conservation  of  skate  species  is  warranted. 
Previous  work  has  documented  the  prevalence  of  adult 
skates  commonly  caught  as  bycatch  in  commercial 
fisheries  (Stevenson  and  Lewis,  2010),  and  this  study 
documents  the  interactions  of  fisheries  with  the  early 
life  history  stages  of  skates  and  their  nursery  habitats. 
The  mortality  associated  with  fishing  activities  and  the 
long-term  effects  of  fishing  pressure  on  the  skate  popu¬ 
lations  of  the  EBS  are  difficult  to  quantify.  However, 
the  potential  for  fishing  activities  to  have  significant 
detrimental  effects  on  skate  species  exists,  and  this 
study  emphasizes  the  need  to  continue  monitoring 
these  interactions,  both  with  adults  and  with  skates  in 
early  life  history  stages. 
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Abstract — Bluefin  tuna  ( Thunnus 
thynnus )  of  the  western  Atlantic 
Ocean  are  often  incidentally  caught 
in  the  pelagic  longline  fishery  that 
targets  swordfish  (Xiphias  gladius) 
and  yellowfin  tuna  (Thunnus  alba- 
cares)  in  the  Gulf  of  Mexico.  Data  on 
at-vessel  and  postrelease  mortality 
are  lacking.  Using  the  database  of 
the  NOAA  Southeast  Fisheries  Sci¬ 
ence  Center’s  Pelagic  Observer  Pro¬ 
gram,  we  estimated  the  mortality 
rate  occurring  at-vessel  to  be  54% 
(95%  confidence  interval  [Cl]:  46- 
62%)  when  the  currently  mandated 
weak  circle  hook  (with  a  reduced  di¬ 
ameter  <3.65  mm)  was  used.  To  esti¬ 
mate  rates  of  postrelease  mortality, 
we  deployed  41  pop-up  satellite  ar¬ 
chival  tags  (PSATs)  on  bluefin  tuna 
captured  in  the  pelagic  longline  fish¬ 
ery  operating  in  the  northern  Gulf  of 
Mexico  from  May  2010  through  April 
2015.  Data  from  the  PSATs  indicate 
that  29  fish  survived  for  at  least  30 
d  and  that  4  fish  died  within  12  d 
of  tagging.  Six  PSATs  detached  prior 
to  the  programed  release  date,  and 
2  PSATs  did  not  report.  We  estimate 
a  postrelease  mortality  rate  be¬ 
tween  12%  and  29%.  Combining  the 
postrelease  mortality  estimate  with 
the  at-vessel  mortality  rate,  we  es¬ 
timate  a  total  mortality  rate  of  59% 
(95%  Cl:  47-71%)  associated  with 
capture  and  subsequent  release  of 
bluefin  tuna  in  this  fishery  accord¬ 
ing  to  its  current  fishing  practices. 
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The  bluefin  tuna  ( Thunnus  thynnus) 
is  the  largest  member  of  the  family 
Scombridae  and  has  a  specialized 
cardiovascular  physiology  that  allows 
it  to  exploit  subarctic  to  subtropical 
pelagic  waters  (Carey  and  Lawson, 
1973;  Block  et  al.,  2005).  Bluefin 
tuna  of  the  western  Atlantic  Ocean 
forage  in  the  North  Atlantic  Ocean, 
and  many  of  them  migrate  to  the  Gulf 
of  Mexico  (GOM)  (Mather  et  al.,  1995; 
Block  et  al.,  2005;  Knapp  et  al.,  2014) 
to  spawn,  although  spawning  is  not 
exclusive  to  the  GOM  (Mather  et  al., 
1995;  Richardson  et  al.,  2016).  Blue¬ 
fin  tuna  can  be  found  in  the  GOM 
from  December  through  July,  but  the 
timing  can  vary  with  oceanographic 
conditions  (Block  et  al.,  2005;  Teo  et 
al.,  2007;  Galuardi  et  al.;  2010).  Dur¬ 
ing  these  months,  bluefin  tuna  are  in¬ 
cidentally  caught  by  the  U.S.  pelagic 
longline  (PLL)  fleet,  which  targets 
swordfish  ( Xiphias  gladius)  and  yel¬ 
lowfin  tuna  ( Thunnus  albacares)  in 
the  northern  GOM  (Springer,  1957). 

Currently,  the  bluefin  tuna  in  the 
GOM  is  managed  as  an  incidental 
bycatch  species,  and  no  active  target¬ 
ing  of  it  is  allowed.  As  a  result,  vari¬ 
ous  management  actions  have  either 
required  or  resulted  in  substantial 


numbers  of  fish  released  alive  or  dis¬ 
carded  dead.  Beginning  in  1981,  the 
National  Marine  Fisheries  Service 
(NMFS)  prohibited  directed  fisher¬ 
ies  for  bluefin  tuna  on  the  GOM 
spawning  grounds  and  established 
quotas  for  the  fishery  (Federal  Reg¬ 
ister,  1981).  To  further  reduce  the 
incentive  to  target  bluefin  tuna,  the 
NMFS  enacted  target  species  catch 
requirements  for  bluefin  tuna  re¬ 
tention  (Federal  Register,  1992).  In 
2011,  the  NMFS  mandated  that  all 
U.S.  PLL  vessels  fishing  in  the  GOM 
use  a  weak  hook  with  a  reduced  wire 
diameter  (i.e.,  <3.65  mm)  (Federal 
Register,  2011).  A  weak  hook  is  a  cir¬ 
cle  hook  designed  to  allow  a  bluefin 
tuna  and  other  similarly  large  ani¬ 
mals  to  straighten  the  hook,  thereby 
reducing  their  catch  by  more  than 
50%  while  not  significantly  reducing 
the  catch  of  target  species  (Foster 
and  Bergmann1).  Additional  mea¬ 
sures  were  taken  in  2006  with  the 


1  Foster,  D.,  and  C.  Bergmann.  2010.  2010 
interim  report:  update  on  Gulf  of  Mexico 
pelagic  longline  bluefin  tuna  mitigation 
research,  11  p.  [Available  from  Har¬ 
vesting  Eng.  Branch,  Southeast  Fish. 
Sci.  Cent.,  Natl.  Mar.  Fish.  Serv.,  3209 
Frederic  St.,  Pascagoula,  MS  39567.] 
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Figure  1 

Spatial  distribution  of  release  locations  for  bluefin  tuna  ( Thunnus  thyn- 
nus)  tagged  with  pop-up  satellite  archival  tags  in  the  pelagic  longline 
fishery  of  the  Gulf  of  Mexico  from  2010  through  2015.  Data  for  the  num¬ 
ber  of  fish  released  are  presented  in  1°  grids  of  density.  The  2  open  rect¬ 
angles  indicate  the  areas  closed  to  the  use  of  pelagic  longline  gear  during 
April  and  May.  Sources  for  satellite  image:  Esri,  DigitalGlobe,  GeoEye, 
Earthstar  Geographies,  CNES/Airbus  DS,  USDA,  USGS,  AeroGRID,  IGN, 
and  the  GIS  user  community. 


implementation  of  Amendment  7  to  the  Consolidated 
Atlantic  Highly  Migratory  Species  Fishery  Manage¬ 
ment  Plan  (Federal  Register,  2014),  which  created  a 
system  to  assign  individual  quotas  for  bluefin  tuna  to 
vessels  and  closed  2  areas  that  cover  the  majority  of 
the  spawning  habitat  of  bluefin  tuna  in  the  northern 
GOM  to  the  use  of  PLL  gear  during  the  peak  spawn¬ 
ing  months  of  April  and  May  (Fig.  1).  The  closure  of 
these  areas,  in  conjunction  with  the  requirement  to  use 
weak  hooks,  has  greatly  reduced  total  discards  of  dead 
bluefin  tuna. 

The  effectiveness  of  management  measures  that 
require  or  promote  release  of  fish  hinges  on  2  compo¬ 
nents  of  mortality  associated  with  interactions  with 
fishing  operations.  The  first  component  of  mortality  is 
the  fraction  of  fish  dead  at-vessel  upon  retrieval  of  the 
gear,  and  the  second  component  is  the  fraction  of  fish 
that  die  after  being  released.  At-vessel  mortality  and 
survival  have  been  documented  from  commercial  long- 
line  fishing  operations  for  several  species  of  billfishes, 
tunas,  and  sharks  (Serafy  et  al.,  2012a;  Walter  et  al., 
2012;  Musyl  et  al.,  2015)  but  have  yet  to  be  quantified 
for  bluefin  tuna  in  the  GOM  PLL  fishery.  Similarly,  the 
second  component,  postrelease  mortality  from  fishing 
operations,  has  been  quantified  for  bluefin  tuna  from 
recreational  fisheries  (Marcek  and  Graves,  2014;  Gold¬ 


smith  et  al.,  2017)  and  for  other  spe¬ 
cies  on  PLL  operations  (Kerstetter  et 
al.,  2003;  Musyl  et  al.,  2011a)  but  has 
not  been  evaluated  for  bluefin  tuna 
from  the  U.S.  GOM  PLL  fishery  oper¬ 
ating  under  normal  fishing  conditions. 

Both  components  of  mortality  are 
necessary  to  determine  the  total  mor¬ 
tality  associated  with  fishing  interac¬ 
tions  and  to  evaluate  the  efficacy  of 
management  regulations  (Coggins  et 
al.,  2007)  designed  to  promote  release 
of  live  fish.  Mortality  from  fishing  op¬ 
erations  can  have  a  substantial  effect 
on  populations;  therefore,  it  is  critical 
to  consider  such  mortality  in  popula¬ 
tion  assessments  (Musyl  et  al.,  2015). 

For  this  study,  we  quantified  both 
components  of  mortality  associated 
with  interactions  of  bluefin  tuna  with 
the  U.S.  GOM  PLL  fishery.  We  first 
examined  the  database  of  the  NOAA 
Southeast  Fisheries  Science  Center’s 
Pelagic  Observer  Program  (POP)  to 
determine  an  at-vessel  mortality  rate 
as  a  function  of  several  covariates. 
Next  we  electronically  tagged  bluefin 
tuna  caught  incidentally  by  the  U.S. 
PLL  fishery  in  the  GOM  to  obtain  es¬ 
timates  of  postrelease  mortality  that 
apply  to  the  fishery  operating  under 
normal  commercial  fishing  practices. 
Fish  were  tagged  from  commercial 
fishing  vessels,  and  all  live  fish  cap¬ 
tured,  regardless  of  apparent  condition,  were  tagged. 
Finally,  we  combined  the  results  of  our  tagging  study 
with  the  proportion  of  bluefin  tuna  reported  dead  at- 
vessel  from  the  POP  database  to  determine  an  overall 
mortality  estimate  for  interactions  of  bluefin  tuna  with 
PLL  gear  in  the  GOM. 

Materials  and  methods 

Examination  of  Pelagic  Observer  Program  database 

The  POP  deploys  NMFS-trained  observers  on  a  portion 
of  PLL  vessel  trips  to  collect  details  on  gear  configura¬ 
tion,  catch  composition,  and  environmental  conditions 
(for  further  details  about  observer  protocols,  see  the 
training  manual  available  from  the  Southeast  Fisher¬ 
ies  Science  Center  at  website).  To  perform  analyses 
similar  to  those  used  by  Serafy  et  al.  (2012a),  we  used 
a  logistic  regression  to  examine  data  for  the  influence 
of  several  key  variables  on  the  probability  of  mortality 
of  1498  bluefin  tuna  captured  in  the  GOM  PLL  fishery 
during  1993-2017.  For  the  logistic  regression,  we  used 
the  PROC  GENMOD  procedure  in  SAS/STAT2  software 


2  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 
tification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


Orbesen  et  ai.:  Mortality  rates  of  Thunnus  thynnus  associated  with  pelagic  longline  gear  in  the  Gulf  of  Mexico 


1  7 


(vers.  9.4;  SAS  Institute,  Inc.  Cary,  NC).  The  following 
model  was  applied: 

Mortality  =  H j  +  D j  +  T ^  +  C\  +  »Sm  +  Ln,  (1) 

where  mortality  =  the  probability  of  a  fish  being  dead 
at-vessel; 

H  =  the  ith  type  of  hook  used  (circle  hook, 
J-hook,  weak  hook); 

D  =  the yth  maximum  hook  depth  (in  the 
water  column,  meters); 

T  =  the  kth  target  species  (swordfish, 
tuna,  mixed); 

C  -  the  Ith  sea-surface  temperature  (SST, 
in  degrees  Celcius,  measured  by  the 
vessel  during  gear  deployment); 

S  =  the  ?nth  soak  duration  (time  from 
last  hook  deployed  to  first  hook  re¬ 
trieved);  and 

L  =  the  nth  fish  length  (straight  fork 
length,  in  centimeters). 

All  factors  were  modeled  as  continuous  variables  with 
the  exception  of  hook  type  and  target  species.  To  test 
for  an  effect  of  hook  type  on  mortality,  least  square 
means  were  generated  as  estimates  of  mortality  for 
each  hook  type. 

Tagging 

From  2010  through  2015,  we  deployed  41  PAT-MklO 
pop-up  satellite  archival  tags  (PSATs;  Wildlife  Comput¬ 
ers,  Inc.,  Redmond,  WA)  on  bluefin  tuna  captured  on 
PLL  vessels  fishing  in  the  GOM  (Fig.  1).  These  PSATs 
were  programmed  to  archive  pressure  (depth),  ambient 
temperature  (in  degrees  Celsius),  and  light  intensity 
every  10  s.  Each  PSAT  was  equipped  with  a  corrodible 
burn  pin  that  detaches  the  tag  on  a  preprogrammed 
date  (90-365  d)  or  when  the  PSAT  has  been  at  a  con¬ 
stant  depth  (±5  m)  for  a  24-h  period,  indicating  that  ei¬ 
ther  the  tag  is  no  longer  attached  to  the  animal  or  the 
animal  has  died.  Upon  detachment  of  a  tag,  profiles  of 
depth  and  temperature  and  proportions  of  time  spent 
in  14  user-defined  depth  (time  at  depth)  and  tempera¬ 
ture  (time  at  temperature)  bins  were  summarized  into 
1-h  (4  PSATs)  or  4-h  (37  PSATs)  periods  and  transmit¬ 
ted  through  the  Advanced  Research  and  Global  Obser¬ 
vation  Satellite  system.  For  those  cases  in  which  the 
tag  was  physically  recovered  (11  PSATs),  the  full  archi¬ 
val  data  set  was  obtained  and  analyzed. 

All  PSATs  were  equipped  with  a  surgical-grade,  ny¬ 
lon  toggle  anchor  and  an  RD-1800  (Wildlife  Comput¬ 
ers,  Inc.),  a  device  designed  to  sever  the  PSAT  link 
before  hydrostatic  pressure  damages  the  tag  (typically 
at  a  depth  of  approximately  1800  m).  The  tether  rig¬ 
ging  had  3  variations  over  the  course  of  this  study. 
The  tags  deployed  in  2010  and  2011  (5  PSATs)  were 
equipped  with  double-crimped  monofilament  teth¬ 
ers.  In  a  concurrent  study  on  yellowfin  tuna,  several 
tags  were  recovered  with  visible  teeth  marks  on  the 
PSAT  and  float,  raising  a  concern  that  monofilament 


might  result  in  an  increase  in  attachment  failures  (C. 
Brown,  unpubl.  data);  therefore,  in  2012  tethers  were 
constructed  from  stainless  steel  cable  (22  PSATs). 
However,  during  a  failed  tagging  attempt,  a  PSAT  fell 
overboard.  This  PSAT,  which  was  still  equipped  with 
a  stainless  steel  tether,  was  observed  to  be  negatively 
buoyant.  Subsequent  buoyancy  testing  indicated  that 
rigged  PSATs  were  very  sensitive  to  small  changes  in 
weight,  and  the  previous  design  with  a  double-crimped 
tether  also  resulted  in  tags  being  negatively  buoyant. 
All  subsequently  deployed  tags  (14  PSATs)  were  rigged 
with  a  single-crimped  monofilament  tether,  to  allow  the 
PSAT  to  float  with  the  tether  attached,  and  each  of 
these  PSATs  was  checked  for  positive  buoyancy  prior 
to  deployment. 

All  PSATs  were  deployed  by  NMFS-trained  observ¬ 
ers  aboard  commercial  fishing  vessels  that  targeted 
yellowfin  tuna  with  PLL  gear  in  the  GOM  between  the 
months  of  February  and  May  of  each  year  (2010-2015). 
Observers  were  given  strict  guidance  to  tag  any  live 
bluefin  tuna,  regardless  of  condition.  When  a  fish  was 
released  by  using  methods  similar  to  those  of  a  nor¬ 
mally  operating  PLL  vessel,  care  was  taken  so  that  the 
fish  remained  in  the  water  for  tagging,  and  the  hook, 
for  the  most  part,  was  not  removed. 

Operational  changes 

A  study  of  PLL  gear  that  employed  a  design  with  al¬ 
ternating  hook  types  found  that  a  new  16/0  weak  hook 
could  reduce  catches  of  bluefin  tuna  in  the  GOM  PLL 
fishery  by  an  estimated  56.5%  (Foster  and  Bergmann1) 
from  levels  observed  when  a  typical  circle  hook  was 
used.  In  that  study,  hook  timers,  devices  that  measure 
the  total  time  a  fish  spends  hooked  on  a  line,  were  at¬ 
tached  to  a  portion  of  the  gangion.  The  results  of  that 
study  led  the  NMFS  to  mandate  the  use  of  these  weak 
hooks  in  the  GOM  PLL  fishery,  and  this  regulation 
went  into  effect  in  2011  (Federal  Register,  2011).  Prior 
to  this  rule  being  enacted,  fish  tagged  in  2010  (4  fish) 
were  captured  by  using  regular-strength  16/0  circle 
hooks.  In  2012,  tags  were  deployed  in  conjunction  with 
a  continuation  of  the  weak  hook  study  (30  fish).  For 
fish  captured  on  a  leader  with  an  accompanying  hook 
timer,  total  time  on  the  line  was  obtained.  All  remain¬ 
ing  fish  were  deployed  on  PLL  sets  by  using  the  16/0 
weak  hook  (7  fish). 

Determination  of  mortality 

Postrelease  mortality  mostly  has  been  estimated  to  oc¬ 
cur  shortly  after  release  because  of  acute  injury  (Mu- 
oneke  and  Childress,  1994;  Stokesbury  et  al.,  2004; 
Wilson  et  al.,  2005).  However,  delayed  mortality  due 
to  loss  of  ability  to  feed  or  infection  can  occur  sever¬ 
al  days  to  weeks  postrelease  (Burns  and  Froeschke, 
2012).  Although  increasing  the  duration  of  monitor¬ 
ing  beyond  several  days  allows  the  incorporation  of 
delayed  mortalities,  there  is  a  risk  of  confounding  re¬ 
sults  with  mortality  unassociated  with  the  initial  cap- 
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ture  event  (e.g.,  with  mortality  caused  by  predation). 
Consequently,  some  researchers  have  restricted  their 
analysis  to  the  first  5-10  d  after  tagging  (Graves  et  al., 
2002;  Kerstetter  et  al.,  2003;  Horodysky  and  Graves, 
2005;  Marcek  and  Graves,  2014);  however,  given  the 
relatively  low  natural  mortality  rate  of  adult  bluefin 
tuna  relative  to  other  species  (Fromentin  and  Powers, 
2005),  we  extended  the  time  frame  from  5-10  d  to  30 
d,  following  Stokesbury  et  al.  (2011).  The  penalty  for 
use  of  a  longer  time  frame  is  that  natural  (and  fishing) 
mortality  begins  to  bias  estimates  of  release  mortal¬ 
ity,  but  it  would  be  highly  unlikely  (0.8%  chance)  for 
a  bluefin  tuna  to  not  survive  30  d  because  of  natural 
mortality,  given  the  currently  assumed  natural  mortal¬ 
ity  rate  for  bluefin  tuna  (0.1/year;  ICCAT,  2017). 

Any  fish  that  appeared  to  live  past  this  30-d  thresh¬ 
old  was  determined  to  have  successfully  survived  the 
capture  event.  Wilson  score  intervals  and  95%  confi¬ 
dence  intervals  (CIs)  were  calculated  for  the  binomial 
proportions  (Wilson,  1927).  The  standard  method  for 
determining  mortality  by  using  PSATs  involves  infer¬ 
ring  mortality  from  behavior  of  the  fish  as  recorded 
by  the  tag.  Below,  we  outline  this  method;  however, 
in  this  study,  we  had  to  address  an  added  complica¬ 
tion.  To  distinguish  between  a  mortality  event  and  a 
premature  tag  release,  we  considered  whether  a  tag 
floated  after  it  was  shed  by  a  fish  or  it  remained  on 
a  dead  fish  until  it  reached  either  the  release  depth 
of  the  RD-1800  device  or  the  programmed  tag  release 
time.  Given  the  ability  of  bluefin  tuna  to  swim  at  high 
rates  of  speed  (Wardle  et  al.,  1989)  and  because  fish 
remained  in  the  water  for  tagging  that  occurred  at 
night  often  on  poorly  lit  vessels  and  varying  states  of 
sea  conditions,  some  premature  tag  shedding  was  like¬ 
ly  to  have  occurred  in  our  study,  and  it  is  commonly 
observed  in  most  PSAT  tagging  studies  (Musyl  et  al., 
2011b).  The  negative  buoyancy  associated  with  some  of 
the  deployed  tags  complicates  the  interpretation  of  the 
recorded  depth  data  because  a  tag  attachment  failure 
would  result  in  the  tag  sinking  in  a  similar  fashion  to 
a  dead  fish.  In  all,  27  of  the  41  deployed  PSATs  were 
negatively  buoyant. 

Despite  the  negative  buoyancy  of  those  tags,  we 
were  able  to  distinguish  between  likely  premature  re¬ 
lease  of  a  tag  and  a  fish  mortality  by  calculating  the 
sinking  rates  for  each  of  the  10  prematurely  released 
tags  and  comparing  these  rates  to  the  rate  (0.251  m/s) 
for  the  tag  that  was  dropped  overboard  (the  reference 
tag).  In  addition,  there  was  an  apparent  mortality  of  a 
bluefin  tuna  that  was  tagged  with  a  positively  buoyant 
PSAT  and  tether;  the  sinking  rate  calculated  for  this 
tag  was  0.408  m/s,  a  rate  that  is  over  60%  faster  than 
the  rate  of  the  reference  tag.  Assuming  that  all  dead 
fish  would  sink  at  a  faster  rate  than  the  reference  tag, 
we  classified  each  tag  according  to  whether  it  likely 
sunk  because  of  a  premature  release  (sinking  rate<rate 
of  reference  tag)  or  because  of  a  fish  mortality  (sinking 
rate>rate  of  reference  tag).  Fish  were  then  assigned  to 
1  of  4  categories  on  the  basis  of  the  observed  behavior 
of  the  fish  as  recorded  by  the  tag:  1)  survived  (consis¬ 


tent  vertical  movement  for  >30  d),  2)  mortality  (fish 
was  at  large  for  <30  d,  tag  detachment  occurred  at  a 
depth  >1200  m,  and  the  sinking  rate  was  >0.251  m/s), 
3)  tag  attachment  failure  (fish  was  at  large  for  <30  d, 
and  the  tag  was  positively  buoyant  and  detached  at  a 
depth  <1200  m,  or  the  tag  was  negatively  buoyant  and 
detachment  occurred  at  a  depth  >1200  m,  but  the  sink¬ 
ing  rate  was  <0.251  m/s),  and  4)  non-reporting  tag  (tag 
failed  to  transmit  any  data). 

To  account  for  the  uncertainty  of  the  eventual  fate 
of  fish  that  were  equipped  with  tags  that  either  failed 
to  report  or  failed  to  remain  attached  for  >30  d,  we 
calculated  the  mortality  rate  by  using  2  methods.  One 
method  used  this  expression  that  includes  the  num¬ 
ber  of  fish  assigned  to  3  of  the  4  categories,  yielding 
the  highest  possible  mortality  estimate:  ( mortality -i-tag 
attachment  failure+non-reporting  tag)/total  number  of 
tags  deployed.  The  other  method  used  the  following 
expression:  mortality/) survived+mortality).  The  first 
method  assumes  that  all  fish  in  the  tag  attachment 
failure  and  non-reporting  tag  categories  were  dead  fish, 
but  the  second  effectively  considers  that  tag  data  for 
fish  in  the  non-reporting  tag  or  tag  attachment  failure 
categories  are  uninformative  and  discards  those  fish 
from  the  sample. 

Estimation  of  overall  mortality 

Overall  mortality  (M)  was  calculated  as  the  probability 
of  a  mortality  occurring  during  the  entire  capture  and 
release  process.  It  is  calculated  as  the  probability  of  be¬ 
ing  dead  at-vessel  ( P(C ))  times  the  probability  of  dying 
after  being  released  ( P(R )): 

M  =  P(C)xP(R).  (1) 

The  variance  of  estimates  from  this  equation  was  de¬ 
rived  as  the  variance  of  the  product  of  2  assumed  un¬ 
correlated  random  variables  (Goodman,  1960). 

Results 

Pelagic  Observer  Program  database 

The  results  of  the  logistic  regression  found  that  only 
one  variable  of  the  independent  model,  hook  type,  sig¬ 
nificantly  (P<0.05)  affected  the  probability  of  at-vessel 
mortality  for  bluefin  tuna  (Table  1).  Therefore,  we  re¬ 
port  the  least  square  means  as  estimates  of  at-vessel 
mortality  rate  for  the  3  hook  types,  standard  (strong) 
circle  hook  (65%,  95%  Cl:  57-72%),  J-hook  (68%,  95% 
Cl:  56-78%),  and  the  currently  mandated  weak  hook 
(54%,  95%  Cl:  46-62%). 

Tagging 

From  2010  to  2015,  41  adult  bluefin  tuna  from  PLL 
vessels  were  tagged  with  Wildlife  Computers  PSATs  in 
the  GOM  (Table  2).  The  size  range  of  the  41  bluefin 
tuna  was  190-270  cm  straight  fork  length  (Table  2), 
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Table  1 

Results  of  logistic  regression  examining  the  influence 
of  hook  type,  target  species,  sea-surface  temperature 
(SST),  soak  duration,  straight  fork  length  (SFL),  and 
maximum  hook  depth  on  the  probability  of  at-vessel 
mortality  of  1498  bluefin  tuna  ( Thunnus  thynnus )  cap¬ 
tured  in  the  pelagic  longline  fishery  of  the  Gulf  of  Mex¬ 
ico  during  1993-2017. 


Variable 

Estimate 

Standard 

error 

P- 

value 

Standard  circle  hook 

-0.464 

0.129 

<0.001 

J-hook 

-0.602 

0.224 

0.007 

Weak  circle  hook 

0.000 

0.000 

- 

Mixed  target 

0.090 

0.131 

0.493 

Swordfish 

-0.354 

0.473 

0.454 

Yellowfin  tuna 

0.000 

0.000 

- 

SST 

-0.021 

0.015 

0.149 

Soak  duration 

-0.035 

0.040 

0.382 

SFL 

-0.001 

0.002 

0.374 

Maximum  hook  depth 

0.0046 

0.010 

0.711 

and  they  were  tagged  in  the  months  of  February-June 
at  SSTs  ranging  from  21.8°C  to  29.7°C.  Representing 
fish  that  successfully  survived  the  fishery  interaction, 
29  PSATs  remained  attached  for  at  least  30  d.  Ten 
PSATs  failed  to  reach  the  30  d  threshold,  and  2  ad¬ 
ditional  PSATs  failed  to  transmit  any  data. 

Tagged  fish  at  large  for  fewer  than  30  days 

Ten  PSATs  began  transmitting  data  less  than  30  d  af¬ 
ter  tagging  (1-18  d).  Six  of  these  tags  were  equipped 
with  tethers  that  we  identified  as  negatively  buoyant. 
Four  tags  sunk  at  a  rate  greater  than  the  rate  of  the 
reference  tag  (0.251  m/s);  therefore,  the  fish  tracked 
with  those  tags  were  put  in  the  mortality  category  (Ta¬ 
ble  3).  Three  tags  had  sinking  rates  that  were  slower 
than  the  rate  of  the  reference  tag,  indicating  likely  tag 
attachment  failures  and  not  observed  mortalities.  The 
remaining  3  tags  were  equipped  with  positively  buoy¬ 
ant  tethers,  detached  from  the  fish  at  a  depth  <1000  m, 
and  floated  to  the  surface,  indicating  tag  attachment 
failures. 

Postrelease  mortality 

An  upper  bound  estimate  of  postrelease  mortality  was 
obtained  by  treating  all  fish  with  tags  that  either  did 
not  report  (2  PSATs)  or  failed  to  attach  (6  PSATs)  as 
potential  dead  fish  (12  of  41  fish  tagged  with  PSATs), 
giving  a  maximum  postrelease  mortality  estimate  of 
29%  (95%  Cl:  18-44%).  Assuming  that  these  non-re¬ 
porting  tags  and  tags  that  failed  to  remain  attached 
were  not  associated  with  fish  mortalities,  and,  there¬ 
fore,  that  the  fish  tagged  with  them  were  removed  from 
the  sample,  we  determined  that  the  most  likely  esti¬ 


mate  of  postrelease  mortality  is  12%  (95%  Cl:  5-27%) 
(i.e.,  4  of  33  PSATs  associated  with  mortalities). 

Hook  timers 

Twelve  tagged  fish  were  captured  on  leaders  that  in¬ 
cluded  a  hook  timer,  which  measures  the  length  of  time 
a  fish  is  on  the  line  prior  to  crew  engagement  (Table 
2).  Tag  data  indicates  an  apparent  mortality  for  only 
1  fish  captured  on  a  line  with  a  hook  timer  (8.3  h  at¬ 
tached  to  a  longline).  Three  additional  tagged  fish  were 
associated  with  either  attachment  failures  (2  PSATs) 
or  their  tag  failed  to  report  (1  PSAT).  The  remaining  8 
PSATs  were  deployed  on  surviving  fish  with  an  average 
time  on  the  line  of  7.4  h  (2.2-14.4  h). 

Overall  mortality 

We  estimated  the  probability  of  a  mortality  of  a  bluefin 
tuna  occurring  as  a  result  of  an  interaction  with,  and 
release  from,  PLL  gear  in  the  GOM,  using  Equation 
1  with  the  most  likely  estimate  of  postrelease  mortal¬ 
ity  (12%,  95%  Cl:  5-27%)  as  P(R)  and  P(C)  obtained 
from  the  logistic  regression  model  predicted  for  fishing 
with  weak  hooks  (54%,  95%  Cl:  46-62%).  The  resulting 
overall  estimate  of  the  probability  of  capture-induced 
mortality  of  bluefin  tuna  in  the  GOM  PLL  fishery,  op¬ 
erating  as  it  currently  does  with  weak  hooks,  is  59% 
(95%  CL  47-71%). 


Discussion 

On  the  basis  of  the  data  presented  in  this  study,  we  es¬ 
timated  postrelease  mortality  of  bluefin  tuna  from  PLL 
fishery  operations  in  the  GOM  at  a  range  of  12-29%, 
depending  on  the  treatment  of  the  non-reporting  or  pre¬ 
mature  release  of  tags.  The  highest  estimates  of  mor¬ 
tality  were  obtained  when  all  non-reporting  tags  were 
assumed  to  be  associated  to  a  mortality  event.  Howev¬ 
er,  we  considered  that  there  is  a  sound  basis  for  elimi¬ 
nating  fish  with  non-reporting  tags  from  the  sample. 
Our  non-reporting  rate  for  this  study  is  relatively  low 
(5%)  in  comparison  to  the  rates  of  other  studies  (Musyl 
et  al.,  2011b).  Furthermore,  with  an  RD-1800  device  at¬ 
tached  to  its  tether,  a  PSAT  would  detach  from  a  sink¬ 
ing,  dead  fish  before  it  reached  the  tag  crush  depth, 
making  it  unlikely  that  non-reporting  was  a  result  of 
such  a  mortality.  Non-reporting,  therefore,  was  the  re¬ 
sult  of  either  equipment  failure  or  damage  (perhaps, 
due  to  predation)  (Musyl  et  al.,  2011b),  with  neither 
cause  being  informative  on  mortality  due  to  a  capture 
event.  Given  that  we  can  separate  attachment  failures 
from  mortalities  by  examining  sinking  rates,  we  re¬ 
moved  fish  associated  with  both  non-reporting  tags  and 
attachment  failures  from  the  sample  to  provide  what 
we  believe  is  a  more  accurate  postrelease  mortality  es¬ 
timate  of  12%.  Under  either  assumption  regarding  the 
fate  of  malfunctioning  tags,  the  postrelease  mortality 
estimates  are  relatively  low  (12-29%),  indicating  that, 
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Table  2 

Summary  information  for  electronically  tagged  bluefin  tuna  ( Thunnus  thynnus)  and  the  corresponding  data  for  the  pelagic 
longline  set  during  which  each  fish  was  captured  in  the  Gulf  of  Mexico  from  2010  through  2015.  An  en  dash  indicates  un¬ 
known  or  unrecorded  data.  SFL=straight  fork  length. 

Length  of 
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Estimated  Estimated 
SFL  weight 

(cm)  (kg) 

Tagging 

date 

No.  of  Tagging 
monitoring  depth 
days  (cm) 

Time 

on  line 

(h) 

Hook 

location 

Hook 

removed 

remaining 

leader 

(m) 

Weak 

circle 

hook 

No.  of 
hooks  per 
set 

Hook 

depth 

(m) 

Soak 

duratioi 

(h) 

10A0919 

240 

227 

4/15/2012 

_ 

23 

1.3 

Upper  jaw 

No 

1.2 

No 

425 

97 

5.9 

11A0898 

240 

- 

5/20/2013 

- 

23 

- 

Hinge 

No 

<0.3 

Yes 

420 

97 

9.4 

10A0921 

220 

227 

5/10/2011 

2 

25 

- 

Hinge 

No 

2.1 

Yes 

500 

91 

8.6 

11A0914 

270 

295 

3/20/2012 

3 

28 

8.3 

- 

No 

3 

No 

430 

95 

6.3 

10A0917 

240 

227 

4/26/2012 

3 

23 

1.1 

Hinge 

No 

0.9 

Yes 

445 

97 

6.4 

10A1041 

210 

- 

3/23/2012 

7 

23 

- 

Hinge 

No 

1.2 

Yes 

355 

82 

6.3 

10A0915 

270 

272 

3/28/2012 

7 

25 

- 

- 

No 

2.4 

Yes 

438 

95 

7.2 

10A0896 

210 

- 

5/10/2012 

10 

25 

- 

Hinge 

No 

0.9 

Yes 

590 

82 

5.8 

10A1042 

270 

340 

5/25/2012 

10 

23 

- 

Hinge 

No 

1.5 

No 

410 

97 

8.9 

11A0981 

150 

181 

4/21/2015 

12 

23 

- 

- 

No 

- 

Yes 

472 

97 

7.2 

10A1030 

195 

- 

5/11/2012 

15 

25 

- 

Hinge 

No 

0.6 

No 

520 

82 

7.1 

10A0931 

240 

- 

4/10/2012 

18 

23 

4.6 

- 

No 

0.6 

No 

610 

82 

5.5 

10A0930 

240 

227 

4/26/2012 

32 

23 

- 

Hinge 

No 

1.2 

No 

445 

97 

6.4 

10A0938 

210 

- 

3/28/2012 

40 

23 

- 

Hinge 

No 

0.6 

No 

520 

82 

4.9 

10A1035 

210 

170 

5/23/2012 

42 

23 

2.8 

Hinge 

No 

1.2 

Yes 

410 

97 

10.0 

10A1047 

210 

- 

4/12/2013 

42 

23 

- 

Hinge 

No 

<0.3 

Yes 

702 

73 

8.5 

11A0978 

210 

- 

5/18/2012 

43 

25 

- 

Hinge 

No 

0.9 

No 

530 

82 

7.7 

10A0942 

240 

204 

5/13/2012 

48 

23 

- 

Hinge 

No 

0.9 

No 

445 

97 

7.8 

10A0939 

240 

227 

4/25/2012 

50 

23 

- 

Hinge 

No 

0.6 

No 

445 

97 

8.0 

10A0946 

240 

204 

5/16/2012 

53 

23 

- 

Hinge 

No 

0.9 

No 

445 

97 

8.1 

10A0898 

240 

227 

3/1/2012 

54 

25 

- 

- 

No 

4.6 

Yes 

590 

95 

7.5 

11A0963 

195 

- 

4/9/2012 

55 

23 

7.3 

Hinge 

Yes 

- 

Yes 

630 

82 

6.5 

10A0945 

240 

227 

5/14/2012 

57 

23 

- 

Hinge 

No 

1.2 

No 

445 

97 

8.3 

10A0916 

270 

295 

3/22/2012 

61 

28 

11.7 

Hinge 

No 

2.1 

No 

425 

95 

5.7 

10A0775 

210 

181 

4/26/2012 

63 

23 

- 

Upper  jaw 

No 

0.9 

No 

445 

97 

8.0 

10A0918 

240 

227 

4/25/2012 

64 

23 

1.8 

Hinge 

No 

0.9 

Yes 

445 

97 

8.0 

10A0928 

225 

- 

3/28/2013 

70 

28 

- 

Hinge 

Yes 

- 

Yes 

876 

66 

8.6 

10A1045 

240 

204 

4/9/2012 

70 

23 

12.9 

Hinge 

No 

0.3 

- 

460 

97 

6.5 

11A0969 

225 

- 

5/20/2012 

81 

25 

6.5 

Hinge 

No 

1.8 

Yes 

505 

82 

6.1 

11A0949 

240 

227 

5/24/2012 

82 

23 

- 

Hinge 

No 

0.9 

No 

410 

97 

8.1 

11A0950 

240 

204 

5/24/2012 

84 

23 

- 

Upper  jaw 

No 

0.9 

Yes 

410 

97 

8.1 

10A1032 

190 

159 

5/12/2013 

89 

23 

- 

Hinge 

No 

0.6 

Yes 

504 

82 

5.8 

08A0152 

240 

204 

5/12/2010 

90 

15 

- 

Hinge 

No 

1.5 

No 

702 

84 

7.3 

08A0153 

260 

363 

5/22/2010 

90 

20 

- 

Hinge 

No 

- 

No 

590 

82 

8.0 

08A0155 

250 

340 

5/22/2010 

90 

20 

- 

- 

No 

- 

No 

590 

82 

8.0 

08A0156 

260 

363 

5/22/2010 

90 

18 

- 

Hinge 

No 

- 

No 

624 

82 

7.5 

10A0929 

240 

181 

4/24/2012 

90 

23 

2.2 

Hinge 

No 

0.6 

No 

445 

97 

6.5 

10A0933 

210 

- 

3/19/2012 

93 

23 

14.4 

Hinge 

No 

0.6 

No 

384 

82 

8.5 

10A1034 

210 

204 

5/14/2013 

100 

23 

- 

Hinge 

No 

3 

Yes 

588 

82 

8.4 

10A0949 

240 

227 

5/28/2012 

116 

23 

- 

Hinge 

No 

1.2 

No 

400 

97 

10.2 

10A0943 

210 

181 

5/26/2012 

119 

23 

— 

Upper  jaw 

No 

1.5 

No 

410 

97 

8.3 

a  fish  is 

alive 

at-vessel, 

its  likelihood 

of  surviving 

tag  deployment 

.  Clearly, 

our 

study  had  this 

issue, 

after  its  release  is  remarkably  good. 

It  is  worth  noting  the  negative  buoyancy  aspect  of 
the  tag  harness  rigging  design.  Musyl  et  al.  (2015) 
emphasized  the  importance  of  testing  for  tag  buoy¬ 
ancy  with  the  tether  and  anchor  mechanism  attached; 
however,  they  found  that  most  researchers  failed  to 
indicate  whether  these  tests  were  conducted  prior  to 


future  researchers  should  take  note.  It  may  also  be 
necessary  to  consider  whether  some  presumed  mortali¬ 
ties  in  prior  PSAT  studies  could  actually  have  been  in¬ 
stances  when  tags  equipped  with  negatively  buoyant 
harnesses  were  shed. 

No  other  estimates  of  release  survival  for  bluefin 
tuna  captured  in  PLL  fisheries  operating  under  nor- 
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Table  3 

Summary  information  for  pop-up  satellite  archival  tags  that  were  deployed  on  bluefin  tuna  ( Thunnus  thynnus )  during 
2010-2015  in  the  Gulf  of  Mexico  and  failed  to  reach  the  30-d  threshold  at  which  fish  were  deemed  to  have  survived  capture. 
The  rate  of  descent  (sinking  rate)  was  calculated  for  all  negatively  buoyant  tags  that  transmitted  data.  The  sinking  rates 
then  were  compared  to  the  rate  of  a  reference  tag  (this  tag  was  dropped  overboard,  and  its  descent  rate  indicates  the  sink¬ 
ing  speed  of  a  negatively  buoyant  tag  absent  of  a  fish).  Each  tagged  fish  that  did  not  survive  was  classified  in  the  following 
categories:  non-reporting  tag,  tag  attachment  failure  (sinking  ratecreference  tag),  or  mortality  (sinking  rate>reference  tag). 


Tag  number 

Tether  design 

Tag 

buoyancy 

Sinking 
rate  (m/s) 

Monitoring 

days 

Release 
depth  (m) 

Data  type 

Category 

10A0919 

Cable  tether 

Negative 

N/A 

_ 

_ 

N/A 

Non-reporting 

11A0898 

Mono  single  crimped 

Positive 

N/A 

- 

- 

N/A 

Non-reporting 

10A0896 

Mono  single  crimped 

Positive 

N/A 

10 

22 

Recovered 

Attachment  failure 

10A1042 

Mono  single  crimped 

Positive 

N/A 

10 

288 

Transmitted 

Attachment  failure 

10A1030 

Mono  single  crimped 

Positive 

N/A 

15 

712 

Transmitted 

Attachment  failure 

10A0921 

Mono  double  crimped 

Negative 

0.122 

2 

1320 

Transmitted 

Attachment  failure 

10A0931 

Cable  tether 

Negative 

0.224 

18 

1200 

Transmitted 

Attachment  failure 

10A0917 

Cable  tether 

Negative 

0.227 

3 

1546 

Recovered 

Attachment  failure 

Reference  tag 

Cable  tether 

Negative 

0.251 

1 

1808 

Recovered 

N/A 

10A0915 

Cable  tether 

Negative 

0.316 

7 

1840 

Transmitted 

Mortality 

10A1041 

Cable  tether 

Negative 

0.319 

7 

1850 

Recovered 

Mortality 

11A0914 

Cable  tether 

Negative 

0.346 

3 

1808 

Transmitted 

Mortality 

11A0981 

Mono  single  crimped 

Positive 

0.408 

12 

1768 

Transmitted 

Mortality 

mal  commercial  practices  exist.  However,  a  study  by 
Block  et  al.  (2005)  that  used  short  experimental  sets 
designed  to  capture  bluefin  tuna  alive  reported  an  at- 
vessel  mortality  rate  of  30%,  a  rate  that  is  nearly  25% 
lower  than  the  overall  nominal  rate  derived  from  the 
POP  observer  database  (54%).  Block  et  al.  (2005)  pos¬ 
tulated  that  mortality  rates  of  bluefin  tuna  in  the  GOM 
PLL  fishery  could  be  a  result  of  asphyxiation  due  to 
inability  to  ram  ventilate,  thermal  stress  from  confine¬ 
ment  in  warm  surface  waters,  or  other  capture  related 
trauma  that  could  be  exacerbated  by  longer  time  on 
the  line. 

Block  et  al.  (2005)  used  relatively  short  sets  de¬ 
signed  to  mitigate  mortality.  In  contrast,  our  study  op¬ 
erated  under  standard  commercial  fishing  operations 
with  an  average  soak  duration  of  7.5  h.  Hook  timer 
data  indicate  that  fish  in  our  study  were  on  the  lines 
for  an  average  of  6.2  h,  a  period  that  is  longer  than  the 
entire  duration  of  the  experimental  sets  in  Block  et  al 
(2005).  An  additional  factor  related  to  observed  mor¬ 
tality  differences  could  be  gear  configuration.  Although 
we  did  not  detect  significant  effects  of  hook  depth  or 
SST  on  mortality  in  our  analysis  of  POP  data,  the 
experimental  design  of  their  study  (with  a  maximum 
hook  depth  of  200  m,  compared  with  97  m  in  our  study; 
Table  2)  could  have  allowed  fish  to  access  deeper,  cooler 
waters  and  a  fish’s  ability  to  access  such  water  could 
have  been  a  mitigating  factor  for  some  of  the  thermal 
stress  that  a  fish  may  have  experienced.  Furthermore, 
one  static  SST  measurement  might  not  accurately  re¬ 
flect  the  range  of  temperatures  at  the  locations  where 
fish  encountered  the  gear  throughout  sets,  and  the  use 


of  this  single  measurement  could  be  the  reason  that 
we  did  not  detect  a  significance  for  SST.  Musyl  et  al. 
(2009)  highlighted  the  importance  of  using  fishery-spe¬ 
cific  features  when  attempting  to  estimate  postrelease 
survival,  and  our  results  support  this  notion. 

Postrelease  mortality  has  been  quantified  to  be  rela¬ 
tively  low  in  recreational  fisheries  (from  0%  [95%  Cl: 
0-7%]  to  32%  [95%  Cl:  14-55%])  (Goldsmith  et  al., 
2017)  and  in  commercial  hand-line  and  rod-and-reel 
fisheries  in  Canada  (from  3%  [95%  Cl:  1-13%]  to  6% 
[95%  Cl:  2-6%])  (Stokesbury  et  al.,  2011).  Both  sets  of 
authors  calculated  mortality  in  2  ways;  hence,  separate 
95%  CIs  are  given  for  each  estimate.  Although  these 
fisheries  and  the  ocean  conditions  where  they  occur  are 
very  different  from  those  of  the  GOM,  the  low  rate  of 
postrelease  mortality  in  those  studies  and  in  our  study 
indicates  that  bluefin  tuna,  if  they  survive  the  initial 
capture  process,  appear  to  have  a  high  probability  of 
survival  regardless  of  the  gear  type  used  or  the  geo¬ 
graphic  region  of  release. 

Nonetheless,  the  high  at-vessel  mortality  rate  that 
we  estimated  (54%)  for  weak  hooks  in  the  GOM  PLL 
fishery  would  diminish  the  effectiveness  of  a  no-reten¬ 
tion  policy  in  reducing  fishing  mortality  and  achieving 
stock  status  benchmarks  (Coggins  et  al.,  2007),  in  iso¬ 
lation  of  other  measures.  The  relatively  low  postrelease 
mortality  from  our  study,  however,  does  provide  sup¬ 
port  for  encouraging  live  release  of  bluefin  tuna.  Cur¬ 
rently,  live  bluefin  tuna  can  either  be  retained  or 
released  with  control  over  the  total  retention  rate 
through  an  individual  quota  system  for  bluefin  tuna, 
in  which  vessels  are  required  to  have  quota  of  bluefin 
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tuna  available  to  retain  live  fish  or  to  account  for  any 
dead  captures.  This  management  measure  is  accompa¬ 
nied  by  a  closure  of  2  areas  in  the  spring  to  minimize 
encounters  with  bluefin  tuna  and  by  the  use  of  weak 
hooks  that  facilitate  escape. 

Mitigation  of  bycatch  of  bluefin  tuna  in  PLL  fish¬ 
eries  has  been  a  high  priority  for  the  NMFS.  The  re¬ 
sults  of  this  study  generally  indicate  that  management 
measures  taken  by  that  agency  to  minimize  bycatch 
of  bluefin  tuna  are  effective,  measures  that  reduce  the 
probability  of  capture  of  bluefin  tuna  on  a  longline  and, 
then,  once  captured,  provide  opportunities  to  vessels  to 
retain  dead  fish  or  to  release  live  fish.  The  currently 
mandated  weak  hooks  do  appear  to  have  some  conser¬ 
vation  benefits.  In  our  analysis,  we  observed  that  at- 
vessel  mortality  was  11%  lower  for  weak  hooks  than 
for  traditionally  used  circle  hooks,  and  Foster  and 
Bergmann1  estimated  that  weak  hooks  also  could  re¬ 
duce  the  bycatch  of  bluefin  tuna  by  56.5%.  Gallagher 
et  al.  (2017)  found  a  strong  correlation  of  plasma  lac¬ 
tate  with  maximum  acceleration  of  hooked  sharks,  a 
correlation  indicating  that  the  behavioral  response  of 
the  fish  could  influence  the  probability  of  mortality.  De¬ 
spite  the  high  probability  that  we  would  observe  an  at- 
vessel  mortality,  our  hook  timer  data  revealed  that  it  is 
possible  for  bluefin  tuna  to  survive  after  >14  h  on  the 
line  and  that  the  behavioral  response  of  an  individual 
fish  might  contribute  to  the  probability  of  its  mortality. 
These  findings  might  explain  why  we  see  a  reduction 
in  at-vessel  mortality  associated  with  the  weak  hook, 
with  the  more  vigorous  fighters  that  would  likely  die 
on  the  line  able  to  straighten  a  weak  hook  and  escape 
capture.  Nevertheless,  it  is  important  to  note  that  the 
at-vessel  catch  estimate  is  based  on  observed  reduction 
in  bycatch  of  bluefin  tuna  and  that  the  actual  fate  of 
escapees  from  weak  hooks  remains  unknown  (Serafy 
et  al.,  2012b). 

Because  the  degree  of  injury  sustained  by  fish  that 
straighten  their  hooks  and  elude  observation  has  yet 
to  be  quantified,  the  total  mortality  estimate  in  our 
study  may  be  considered  conservative.  On  the  other 
hand,  it  is  possible  that  survival  was  enhanced  for  fish 
that  would  have  otherwise  died  on  the  standard  circle 
hooks  because  they  were  spared  the  prolonged  stress 
and  injury  of  being  firmly  hooked  until  gear  retrieval. 
Further  research  is  warranted  on  this  topic;  however, 
determining  precisely  how  to  track  the  survival  of  fish 
that  have  effectively  escaped  capture  by  straightening 
weak  hooks  is  a  serious,  perhaps  insurmountable,  re¬ 
search  challenge.  In  any  case,  on  the  basis  of  observed 
interactions  in  the  POP  database,  the  results  of  our 
study  indicate  that  weak  hooks  provide  the  additional 
benefit  of  increasing  at-vessel  survival  in  comparison 
with  standard  circle  hooks.  Further  mitigation  efforts 
could  be  directed  to  evaluation  of  factors  that  might 
promote  an  even  greater  at-vessel  survival  rate;  how¬ 
ever,  changes  in  factors,  such  as  gear  configuration, 
set  duration,  set  location,  or  bait,  may  negatively  af¬ 
fect  catches  of  yellowfin  tuna  and  swordfish,  the  target 
species  of  PLL  fisheries  in  the  GOM. 
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Abstract — The  population  structure 
of  the  ocellate  spot  skate  ( Okamejei 
kenojei),  distributed  in  the  western 
North  Pacific,  was  assessed  on  the 
basis  of  genetic  variations  in  the 
mitochondrial  DNA  control  region 
(mtCR)  and  differences  in  morpho¬ 
logical  characters  and  features.  Sig¬ 
nificant  genetic  differentiation  in 
mtCR  was  observed  among  6  region¬ 
al  populations  along  the  Japanese 
Archipelago  and  Korean  Peninsula. 
Unique  haplotypes  found  in  Osaka 
Bay  and  off  the  east  coast  of  Kyushu 
Island  suggested  an  absence  of  gene 
flow  from  the  other  5  regions.  In  ad¬ 
dition,  comparisons  of  morphological 
characters  and  features,  including 
measurements,  nuchal  thorn  counts, 
differences  in  maturity  size,  and  col¬ 
oration,  indicated  that  populations 
of  ocellate  spot  skate  from  Osaka 
Bay  and  from  off  the  Pacific  coast  of 
northern  Japan  were  clearly  distin¬ 
guishable  from  4  other  regional  pop¬ 
ulations.  Together  with  molecular 
differentiation  among  the  regional 
populations,  they  suggest  that  the 
straits,  ocean  currents,  and  limited 
migrations  are  significant  barriers 
to  gene  flow  between  populations. 
Future  fisheries  management  of  the 
species  is  discussed  on  the  basis  of 
the  present  findings. 
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Many  elasmobranch  fishes  (sharks, 
rays,  and  skates)  are  particularly 
vulnerable  to  overfishing  because  of 
their  large  size,  slow  growth,  late 
maturity,  and  low  fecundity  (Brand- 
er,  1981;  Dulvy  et  ah,  2000;  Griffiths 
et  ah,  2010;  Griffiths  et  ah,  2011). 
These  life-history  traits  translate 
into  low  rates  of  reproduction  and 
low  potential  rates  of  population  in¬ 
crease  (Walker  and  Hislop,  1998). 
Elasmobranch  fishes  are  also  target¬ 
ed  by  fisheries  because  their  meat, 
fins,  and  liver  oil  are  commercially 
valuable  (Dulvy  et  al.,  2014;  David¬ 
son  et  ah,  2016).  In  addition,  elasmo¬ 
branch  fishes  are  often  caught  as  by- 
catch  of  fisheries  that  focus  on  more 
commercially  valuable  teleost  fish 
species,  such  as  tunas  and  demersal 
fishes  (Dulvy  et  ah,  2014).  The  fish¬ 
ing  pressure  on  elasmobranchs  is  in¬ 
creasing  and  therefore  their  extinc¬ 
tion  risk  and  conservation  interest 


are  being  discussed  on  a  global  scale 
(e.g.,  Dulvy  et  ah,  2014;  Davidson 
et  ah,  2016).  Shallow-water  elasmo¬ 
branchs  particularly  have  a  higher 
risk  of  extinction  or  decrease  in 
population  because  of  their  constant 
exposure  to  coastal  fisheries  (Dulvy 
et  ah,  2014).  The  ocellate  spot  (or 
spiny)  skate  Okamejei  kenojei  (fam¬ 
ily  Rajidae)  is  widely  distributed  1) 
in  shallow  coastal  waters  of  20-230 
m  depth  (mainly  30-100  m)  in  the 
western  North  Pacific:  2)  from  the 
coastal  waters  off  southern  Hokkai¬ 
do,  Japan,  southward  to  waters  off 
northern  Taiwan,  including  3)  along 
the  Pacific  coast  of  Japan;  4)  within 
the  Sea  of  Japan;  5)  the  East  China 
Sea;  and  6)  the  Yellow  Sea  (Ishihara, 
1987;  Hatooka  et  ah,  2013;  Last  et 
ah,  2016).  The  age  at  maturity  of 
the  species  has  been  estimated  to 
be  about  3  years,  and  females  pro¬ 
duce  at  least  300  egg  capsules  during 
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OEC:  n= 31  (29) 
O  YS:  n=10  (7) 
+  SJ: 77=74  (72) 
AEK:  n=1  (8) 

□  OS:  n= 24  (27)' 
8  NP:  77=54  (69) 
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Figure  1 

Sampling  area  and  number  of  examined  specimens  of  Okamejei 
kenojei.  Each  symbol  represents  a  sampling  site.  n=number  of  speci¬ 
mens  used  in  mtCR  analysis  and  numbers  in  parentheses=number 
of  specimens  used  in  morphological  comparisons.  EC=East  China 
Sea;  YS=Yellow  Sea;  SJ=Sea  of  Japan;  EK=East  coast  of  Kyushu  Is.; 
OS=Osaka  Bay;  NP=Pacific  coast  of  northern  Japan. 


their  lifetime,  although  some  may  produce  up  to  600 
over  4  years  (Ishihara  et  al.,  2009).  The  egg  capsules 
(43-59  mm  length)  have  tendrils  on  each  corner,  which 
anchor  the  capsules  to  the  seafloor  (Ishiyama,  1958). 

Skates  generally  have  a  low  dispersal  ability  (Var- 
gas-Caro  et  al.,  2017).  In  fact,  previous  tagging  studies 
have  suggested  that  some  skates  have  relatively  small 
home  ranges  (e.g.,  Walker  et  al.,  1997),  and  population 
genetics  have  also  revealed  evidence  of  a  local  popu¬ 
lation  structure  of  skates  (e.g.,  Chevolot  et  al.,  2006). 
Similarly,  O.  kenojei  was  formerly  recognized  as  two 
allopatric  species,  Raja  porosa,  known  from  the  East 
China  Sea,  Yellow  Sea,  Sea  of  Japan,  and  the  Pacific 
coast  of  southern  Japan,  and  R.  fusca,  known  from  the 
Pacific  coast  of  northern  Japan  (Ishiyama,  1967).  Ac¬ 
cording  to  Ishiyama  (1967),  the  nominal  forms  could 
be  distinguished  by  differences  in  exteimal  characters, 
such  as  snout  length,  interorbital  width,  and  cranium 
shape.  Later,  Boeseman  (1979)  suggested  that  R.  po¬ 
rosa  was  a  junior  synonym  of  R.  kenojei  ( =Okamejei 
kenojei),  and  was  followed  by  Ishihara  (1987),  who  con¬ 
sidered  both  R.  porosa  and  R.  fusca  to  be  junior  syn¬ 
onyms  of  O.  kenojei  owing  to  similarities  in  the  distri¬ 
butional  pattern  of  ventral  sensory  pores  and  similari¬ 
ties  in  clasper  structure.  Nevertheless,  Ishihara  (1987) 
recognized  several  morphological  variants  among  local 
populations,  in  particular  in  reference  to  individuals 
from  the  Pacific  coast  of  northern  Japan,  which  were 


previously  recognized  as  R.  fusca,  i.e.,  as 
the  “northern  form.”  Ishihara  (1987)  sug¬ 
gested  that  the  “northern  form”  differed 
from  forms  in  other  areas  in  having  a 
bluntly  angled  and  extremely  translucent 
snout,  numerous  nuchal  thorns,  and  black 
spots  or  reticulated  patterns  scattered  over 
the  entire  dorsal  surface  of  the  disc.  Such 
40'  N  morphological  divergence  among  local  pop¬ 
ulations  has  suggested  the  existence  of  a 
complex  population  structure  within  the 
species. 

Okamejei  kenojei  has  considerable  eco¬ 
nomic  value  in  Korea  and  Japan  (Ishihara, 
1990;  Ishihara  et  al.,  2009;  Baeck  et  al., 
2011).  Domingues  et  al  (2018)  suggested 
that  management  and  conservation  policies 
30”  n  f°r  shark  and  ray  fisheries  should  include 
information  on  genetic  diversity.  However, 
despite  the  potential  population  structur¬ 
ing  and  high  economic  value  of  O.  keno¬ 
jei,  there  have  been  no  studies  of  genetic 
structure  at  the  population  level  for  this 
species — information  that  is  crucial  for  fish¬ 
eries  management  and  conservation  prac¬ 
tices.  In  some  skate  species,  molecular  ge¬ 
netic  studies  have  revealed  both  population 
structure  and  demographic  history,  as  well 
as  the  existence  of  cryptic  species  based 
on  mitochondrial  DNA  (mtDNA)  sequences 
(e.g.,  Valsecchi  et  al.,  2005;  Chevolot  et  al., 
2006;  Griffiths  et  al.,  2010;  Griffiths  et  al., 
2011;  Spies  et  al.,  2011;  Dudgeon  et  al.,  2012;  Frodella 
et  al.,  2016;  Im  et  al.,  2017;  Vargas-Caro  et  al.,  2017). 
The  mtDNA  control  region  (mtCR)  has  been  frequently 
used  to  infer  population  structures  within  species  be¬ 
cause  of  the  high  levels  of  nucleotide  polymorphism 
evident  in  several  skate  species  (Valsecchi  et  al.,  2005). 
In  this  context,  we  examined  the  population  structure 
of  O.  kenojei  by  analyzing  mtCR  sequences  and  mor¬ 
phological  variations  and  present  an  outline  of  popu¬ 
lation  boundaries  and  their  connectivity  for  fisheries 
management. 


Materials  and  methods 
Samples 

For  the  mtCR  analysis  and  morphological  comparisons, 
a  total  of  293  individuals  of  Okamejei  kenojei  were  col¬ 
lected  from  six  regions  along  the  Japanese  Archipelago 
(regional  populations  abbreviated  as  EC  (East  China 
Sea);  SJ  (Sea  of  Japan);  EK  (East  coast  of  Kyushu  Is.); 
OS  (Osaka  Bay);  NP  (Pacific  coast  of  northern  Japan); 
and  YS  (Yellow  Sea)  (Fig.  1;  Suppl.  Table)  (online  only).  Of 
these,  194  individuals  (EC=31;  YS=10;  SJ=74;  EK=1; 
OS=24;  NP=54)  were  used  for  mtCR  sequence  analysis, 
212  individuals  (EC=29;  YS=7;  SJ  =72;  EK=8;  OS=27; 
NP=69)  for  morphological  comparisons,  and  113  indi- 
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viduals  (EC=22;  YS=0;  SJ=44;  EK=1;  OS=20;  NP=26) 
for  both  mtCR  analysis  and  morphological  compari¬ 
sons.  The  individuals  for  both  mtCR  analysis  and  mor¬ 
phological  comparisons  only  partly  overlapped  because 
some  of  the  individuals  were  in  poor  condition  and 
could  not  be  used  for  either  of  the  mtCR  analysis  or 
morphological  comparisons. 

mtCR  analysis 

Total  DNA  was  extracted  from  muscle  tissue  preserved 
in  99.5%  ethanol  by  using  the  DNeasy  Tissue  Kit 
(Qiagen,  Japan)  or  Wizard  Genomic  DNA  Purification 
Kit  (Promega  Corp.,  Madison,  WI1),  according  to  the 
manufacturer’s  protocols.  Polymerase  chain  reaction 
(PCR)  was  performed  with  the  primers  ElDloopF  (5'- 
TCC  CAA  AGC  CAA  GAT  TCT  GC-3')  and  RajinaeP7r 
(5'- AAA  CTG  GGA  GGG  CTG  GAA  ATC  TTG  A-3') 
(Valsecchi  et  al.,  2005),  which  amplified  597  base  pairs 
(bp)  of  mtCR.  The  fragment  was  amplified  by  using 
the  Veriti  Thermal  Cycler  (Applied  Biosystems,  Foster 
City,  CA)  with  15.1  pL  PCR  reaction  mix,  including 
8.3  pL  of  distilled  water,  1.5  pL  of  lOx  PCR  buffer, 
1.2  pL  of  2.5  mM  dNTPs,  1.5  pL  of  5  mM  each  primer, 
0.1  pL  of  EX-Taq  polymerase  (TaKaRa  Bio  Inc.,  Shiga, 
Japan)  and  1  pL  of  DNA  template  or  10.2  pL  PCR 
reaction  mix,  including  2.2  pL  of  distilled  water,  5 
pL  of  KAPA2G  Robust  HotStart  Ready  Mix  PCR  Kit 
(KAPA  Biosystems,  Wilmington,  MA),  1  pL  of  5  mM  of 
each  primer  and  1  pL  of  DNA  template.  The  cycling 
conditions  consisted  of  an  initial  denaturation  cycle  at 
94°C  for  5  min,  followed  by  30  cycles  at  94°C  for  15  s 
(denaturation),  56°C  for  15  s  (annealing)  and  72°C  for 
30  s  (extension),  and  a  single  final  extension  cycle  at 
72°C  for  7  min.  Successful  amplification  was  confirmed 
by  electrophoresis  of  the  PCR  products  on  1%  agarose 
gel,  stained  with  RedSafe  (iNtRON  Biotechnology, 
Seoul,  South  Korea).  The  PCR  products  were  purified 
with  ExoSAP-IT  (Affymetrix  Inc.,  Santa  Clara,  CA). 
DNA  sequencing  was  performed  with  BigDye  Ter¬ 
minator  Cycle  Sequencing  Kit, vers.  1.1,  and  an  ABI 
Prism  310  Genetic  Analyzer  (Applied  Biosystems).  The 
sequences  determined  here  were  deposited  in  INSDC 
(International  Nucleotide  Sequence  Database  Collabo¬ 
ration)  under  accession  numbers  LC386653-LC386846 
(Suppl.  Table)  (online  only). 

The  mtCR  sequences  were  edited  with  BioEdit,  vers. 
7.2.5  (Hall,  1999),  and  aligned  with  ClustalW  interface, 
available  in  MEGA  6  (Tamura  et  al.,  2013).  A  haplo- 
type  network  was  inferred  by  using  the  median-joining 
network  method  with  Network,  vers.  5.0.0. 1  (Fluxus 
Technology  Ltd,  Sudbury,  Suffolk,  UK).  Haplotype  di¬ 
versity  ( h )  and  nucleotide  diversity  (CD)  were  calculated 
by  using  Arlequin,  vers.  3.5. 1.3  (Excoffier  and  Lischer, 
2010).  The  pairwise  FST  values  that  included  informa¬ 
tion  on  haplotype  frequencies  were  used  for  indices  of 


1  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 
tification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


genetic  differentiation.  The  null  hypothesis  of  genetic 
homogeneity  was  assessed  by  10,000  replications  with 
Arlequin  and  sequential  Bonferroni  corrections  (Rice, 
1989). 

Morphological  comparisons 

Morphological  characters  were  examined  after  fixa¬ 
tion  in  10%  formalin  and  preservation  in  70%  etha¬ 
nol  or  50%  isopropanol.  For  comparisons  of  coloration 
among  regional  populations,  photographs  of  the  fresh 
color  of  most  specimens  (before  fixation)  were  taken 
by  digital  photography,  except  for  specimens  from  YS 
and  EK.  For  morphological  comparisons,  13  measure¬ 
ments,  those  of  Last  et  al.  (2008)  and  Ishiyama  (1958), 
were  taken:  1)  total  length  (TL);  2)  disc  length;  3)  disc 
width;  4)  tail  length;  5)  head  length;  6)  dorsal  snout 
length;  7)  eye  diameter;  8)  distance  between  orbits; 
9)  ventral  head  length;  10)  ventral  snout  length;  11) 
prenasal  snout  length;  12)  distance  between  nostrils; 
and  13)  distance  between  1st  gill  openings.  The  num¬ 
bers  of  nuchal  thorns  were  also  counted.  Differences 
in  measurements  among  regional  populations  were  as¬ 
sessed  for  respective  males  and  females  by  analysis  of 
covariance  (ANCOVA)  by  using  TL  as  a  covariate.  A 
covariance  matrix  of  arcsine-transformed  morphomet¬ 
ric  ratios  (with  TL  as  denominator)  was  prepared  for 
ANCOVA.  If  significant  differences  among  the  regional 
populations  were  observed  in  ANCOVA  (P<0.05),  post- 
hoc  pairwise  comparisons  with  Holm’s  adjustment  were 
used  to  establish  differences  between  individual  region¬ 
al  populations.  All  statistical  analyses  for  morphologi¬ 
cal  comparisons  were  conducted  with  R  language,  vers. 
3.1.2  (R  Core  Team,  2014). 

Differences  in  maturity  size  or  developmental  stage 
among  regional  populations  were  estimated  from  clasp- 
er  length  in  males;  claspers  elongate  with  growth  and 
are  indicative  of  maturity  size  and  developmental  stage 
(Stehmann,  2002).  Following  Stehmann  (2002),  we  con¬ 
sidered  males  to  be  mature  if  they  had  both  alar  and 
malar  thorns  and  a  hard  clasper  skeleton.  The  number 
of  rows  of  tail  thorns  in  females  was  also  compared, 
the  number  increasing  with  growth  to  a  maximum  of 
5  in  the  genus  Okamejei  (Ishiyama,  1967;  Ishihara, 
1987).  The  number  of  rows  of  tail  thorns  was  therefore 
considered  to  be  indicative  of  developmental  stage.  The 
estimated  maturity  size  in  males  and  females  was  also 
assessed  by  post-hoc  pairwise  comparisons  with  Holm’s 
adjustment. 

Results 

mtCR  analyses 

The  mtCR  sequences  of  597  base  pairs  revealed  11 
variable  nucleotide  sites  with  10  transitions  and  1 
transversion,  without  any  deletions  and  insertions,  and 
a  total  of  14  haplotypes  (haplotype  codes  were  defined 
as  Okl-14)  in  194  individuals.  Among  the  5  regional 


Misawa  et  al.:  Population  structure  of  Okame/ei  keno/ei 


27 


Table  1 


Genetic  diversity  indices  calculated  from  mtCR  597  base  pairs  from  6  regional  populations  within 
Okamejei  kenojei.  n=number  of  individuals  sampled;  H=number  of  haplotypes;  /i=haplotype  diver¬ 
sity;  7r=nucleotide  diversity.  Range  is  followed  by  mean  ±standard  deviation. 


Population 

Area 

n 

H 

h 

71 

EC 

East  China  Sea 

31 

5 

0.6989  ±0.0498 

0.0016 

±0.0013 

YS 

Yellow  Sea 

10 

3 

0.5111  ±0.1643 

0.0011 

±0.0011 

SJ 

Sea  of  Japan 

74 

7 

0.5050  ±0.0654 

0.0011 

±0.0010 

EK 

East  coast  of  Kyushu  Is. 

1 

1 

0 

0 

OS 

Osaka  Bay 

24 

2 

0.0833  ±0.0749 

0.0001 

±0.0003 

NP 

Pacific  coast  of  northern  Japan 

54 

2 

0.2013  ±0.0667 

0.0003 

±0.0005 

Total 

194 

14 

0.8191  ±0.0137 

0.0036 

±0.0022 

Table  2 

Pairwise  FST  (below  diagonal)  and  associated  signifi¬ 
cance  (above  diagonal)  of  mtCR  597  base  pairs  from  5 
regional  populations  (except  EK)  of  Okamejei  kenojei. 
+=significant  at  P<0.001  level  (after  Bonferroni  correc¬ 
tion).  Population  abbreviations  are  given  in  Table  1. 


EC 

YS 

SJ 

OS 

NP 

EC 

+ 

+ 

+ 

+ 

YS 

0.372 

+ 

+ 

+ 

SJ 

0.416 

0.493 

+ 

+ 

OS 

0.584 

0.778 

0.634 

+ 

NP 

0.592 

0.727 

0.631 

0.838 

populations,  except  for  EK,  the  number  of  haplotypes 
ranged  from  2  to  7,  and  haplotype  (. h )  and  nucleotide 
(7t)  diversity  ranged  from  0.0833  to  0.6989  and  from 
0.0001  to  0.0016,  respectively  (Table  1).  Genetic  diver¬ 
sity  indices  were  highest  in  the  EC  population,  and 
lowest  in  the  OS  population. 

Among  a  total  of  14  haplotypes,  11  haplotypes  were 
unique  to  a  regional  population  (i.e.,  were  private  hap¬ 
lotypes),  and  5  singletons  seen  in  only  one  individual 
(having  an  unshared  haplotype)  (Fig.  2).  Three  hap¬ 
lotypes  (Okl-3)  were  shared  among  different  regional 
populations  and  placed  in  central  positions  in  the  net¬ 
work;  one  among  EC,  YS,  SJ  and  NP  populations  (Okl), 
another  among  EC,  YS  and  SJ  (Ok2),  and  the  others 
between  EC  and  SJ  (Ok3).  Although  most  of  the  haplo¬ 
types  differed  from  each  other  by  single  substitutions, 
two  unique  haplotypes  found  in  the  OS  population  (Okl3 
and  14)  were  characterized  by  2  and  3  substitutions, 
respectively.  The  frequency  of  private  haplotypes  was 
high,  which  accounted  for  45%  (88/194)  of  all  observa¬ 
tions  (EC=55%,  17/31;  YS=10%,  1/10;  SJ:  23%,  17/74; 
EK=100%,  1/1;  OS=100%,  24/24;  NP=52%,  28/54). 

The  pairwise  FST  values  among  the  five  regional 


Figure  2 

Haplotype  network  constructed  from  the  mtCR 
(597  bp)  variations  of  Okamejei  kenojei  from  6 
regional  populations.  Each  circle  represents  a 
single  haplotype.  Circle  size  represents  number 
of  individuals.  Each  bar  represents  one  sub¬ 
stitution.  Numerals  indicate  haplotype  codes. 
EC=East  China  Sea;  YS=Yellow  Sea;  SJ=Sea  of 
Japan;  EK=East  coast  of  Kyushu  Is.;  OS=Osaka 
Bay;  NP=Pacific  coast  of  northern  Japan. 


populations  (except  that  of  EK)  ranged  from  0.372  to 
0.838,  and  were  statistically  significant  after  Bonfer¬ 
roni  corrections  in  all  cases  (P<0.001)  (Table  2).  The 
Fst  values  between  OS  or  NP  and  the  other  popula¬ 
tions  were  especially  high  (OS:  0.584-0.838;  NP: 
0.592-0.838). 
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Table  3 

Proportional  measurements  of  males  (in  %  of  total  length)  from  6  regional  populations  of  Okamejei  kenojei  and  their  morpho¬ 
logical  differentiation  significance  among  populations.  Ranges  are  followed  by  mean  (±standard  deviation  in  parentheses). 
Numbers  under  “significance”  indicate  P  values  in  ANCOVA.  Populations  separated  by  <  are  significantly  different.  NS=not 
significant.  Population  abbreviations  are  given  in  Table  1. 

EC 

n=13 

YS 

n=3 

SJ 

n=  36 

EK 
n= 3 

OS 

n=10 

NP 
n= 30 

Significance 

Total  length  (mm) 

97-408 

428-455 

104-453 

185-390 

323-435 

98-566 

(258  ±99) 

(441  ±11) 

(334  ±97) 

(271  ±87) 

(409  ±31) 

(376  ±154) 

Disc  length 

54.0-58.4 

54.2-59.0 

54.0-61.4 

56.6-61.7 

55.1-61.1 

54.5-60.2 

NS 

(56.7  ±1.2) 

(56.2  ±2.1) 

(57.3  ±1.7) 

(59.1  ±2.1) 

(57.6  ±1.8) 

(58.5  ±1.6) 

Disc  width 

63.5-69.9 

64.4-70.7 

64.2-73.4 

65.6-73.5 

61.5-72.7 

66.9-74.3 

NS 

(67.9  ±2.1) 

(67.1  ±2.7) 

(68.1  ±2.7) 

(69.6  ±3.2) 

(67.0  ±3.0) 

(70.6  ±2.0) 

Tail  length 

48.5-54.4 

46.9-50.2 

46.2-51.4 

45.6-50.8 

45.6-49.1 

45.7-54.1 

NS 

(50.1  ±1.5) 

(49.0  ±1.5) 

(48.5  ±1.2) 

(47.4  ±2.4) 

(47.3  ±0.8) 

(48.1  ±2.5) 

Dorsal  head  length 

19.4-23.3 

19.0-20.5 

18.9-24.5 

21.6-24.5 

20.4-23.4 

18.0-22.6 

NS 

(21.5  ±1.3) 

(19.8  ±  0.6) 

(21.1  ±1.5) 

(22.7  ±1.3) 

(21.3  ±0.8) 

(20.6  ±1.0) 

Dorsal  snout  length 

12.9-16.8 

13.0-13.7x 

12.5-17.9 

14.3-18.1 

13.8-16.4 

11.9-16.1 

NS 

(15.1  ±1.3) 

(15.1  ±1.3) 

(14.4  ±1.3) 

(15.8  ±1.7) 

(14.5  ±0.7) 

(14.2  ±0.9) 

Eye  diameter 

3. 0-5.0 

2. 6-3. 4 

3. 1-4.3 

3. 4-3. 6 

2. 8-3. 5 

2. 6-4. 4 

NS 

(3.7  ±0.6) 

(2.9  ±0.4) 

(3.6  ±0.3) 

(3.6  ±0.1) 

(3.2  ±0.2) 

(3.3  ±0.4) 

Distance  between  orbits 

4. 1-5.2 

4. 7-5.0 

4. 3-5. 2 

3.7-5. 1 

4. 8-5. 6 

4. 9-5. 8 

<  0.001  [EC,  YS,  SJ<NP]  [SJ<OS] 

(4.6  ±0.4) 

(4.9  ±0.1) 

(4.8  ±0.2) 

(4.6  ±0.6) 

(5.1  ±0.3) 

(5.3  ±0.2) 

Ventral  head  length 

26.4-30.5 

27.2-29.2 

27.2-31.5 

29.0-32.8 

28.5-31.0 

26.0-30.7 

NS 

(29.3  ±1.1) 

(28.1  ±0.8) 

(29.5  ±1.1) 

(29.5  ±1.1) 

(29.6  ±0.7) 

(29.0  ±1.1) 

Ventral  snout  length 

14.0-17.8 

13.0-14.2 

12.5-19.1 

14.4-18.5 

14.2-16.7 

11.9-16.5 

NS 

(15.7  ±1.4) 

(13.5  ±0.5) 

(14.9  ±1.5) 

(16.4  ±1.7) 

(14.7  ±0.7) 

(14.4  ±1.2) 

Prenasal  snout  length 

10.2-14.2 

10.0-10.9 

9.6-15.6 

11.5-15.0 

11.1-13.3 

9.4-13.5 

NS 

(12.3  ±  1.4) 

(10.6  ±0.4) 

(11.8  ±1.5) 

(13.4  ±1.4) 

(11.6  ±0.6) 

(11.6  ±1.0) 

Distance  between  nostrils 

7. 0-8. 4 

7. 2-8. 2 

6. 9-8. 8 

7. 6-8. 4 

7. 2-8. 3 

7. 6-9. 4 

NS 

(7.8  ±0.4) 

(7.6  ±0.4) 

(7.9  ±0.4) 

(8.0  ±0.3) 

(7.8  ±0.3) 

(8.6  ±0.4) 

Distance  between 

14.1-16.1 

13.9-14.8 

13.4-17.0 

14.1-15.7 

13.1-15.1 

14.8-17.5 

NS 

1st  gill  openings 

(15.0  ±0.6) 

(14.2  ±0.4) 

(15.1  ±1.0) 

(15.1  ±0.7) 

(14.2  ±0.7) 

(16.2  ±0.7) 

Morphological  comparisons 

Measurements  and  count  Excluding  TL,  measurements 
of  12  characters  (1  in  males  and  11  in  females)  differed 
significantly  among  some  of  the  regional  populations 
(Tables  3  and  4);  for  example,  distance  between  orbits 
in  males,  NP  individuals  was  characterized  by  a  more 
widely  separated  orbits  than  those  of  other  popula¬ 
tions  (Table  3;  Fig.  3C).  NP  females  were  easily  distin¬ 
guished  from  females  of  other  populations  in  having  a 
broader  disc,  smaller  eye,  shorter  head  and  snout,  and 
more  widely  separated  nostrils  and  gill  openings  (Table 
4;  Fig.  3,  B,  F,  H).  Furthermore,  OS  females  were  also 
characterized  by  a  smaller  eye,  and  by  a  longer  head 
and  snout  than  the  corresponding  features  of  females 
of  other  populations  (Table  4;  Fig.  3,  B  and  F).  Among 
4  regional  populations  (EC,  YS,  SJ,  and  EK),  EC  fe¬ 
males  had  longer  tails  than  females  of  SJ,  SJ  females 
had  a  shorter  head  and  snout  than  females  of  EK,  and 
YS  females  had  a  smaller  eye  than  females  of  EC  and 
SJ  (Table  4;  Fig.  3,  B  and  F). 

Individuals  (>ca.  300  mm  TL)  from  NP  usually  had 
more  than  4  nuchal  thorns  (range:  3-12)  in  both  sexes, 


but  similar-size  individuals  from  the  other  4  popula¬ 
tions  (except  OS)  usually  had  2  or  3  (range:  2-4)  (Fig. 
4,  A  and  B).  Individuals  of  both  sexes  from  OS  (>ca. 
300  mm  TL)  usually  had  2  nuchal  thorns  (range:  1-3), 
which  were  somewhat  lower  numbers  overall  than 
those  of  other  populations.  Among  smaller  specimens  of 
males  and  females  (<  ca.  200  mm  TL),  NP  individuals 
had  2  nuchal  thorns,  those  of  other  populations  having 
only  1. 

Maturity  size  Clasper  length  of  males  fitted  a  single 
sigmoid  curve  against  TL  (Fig.  5).  Specimens  with 
clasper  length  >24%  TL  were  considered  mature  be¬ 
cause  they  possessed  both  alar  and  malar  thorns  and 
hard  claspers.  The  size  of  mature  NP  males  ranged 
from  454  to  566  mm  TL  (average:  493  ±32  mm  TL),  but 
between  343  and  455  mm  TL  (average:  410  ±25  mm 
TL)  in  other  populations.  The  estimated  maturity  size 
in  males  differed  significantly  between  NP  and  other 
three  populations,  excluding  EK  and  YS  (P<0.05). 

Number  of  rows  of  tail  thorns  in  females  also  fitted 
a  single  sigmoid  curve  against  TL  (Fig.  6,  A  and  B) 
and  were  similar  to  clasper  growth.  Individuals  from 
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Figure  3 

Plots  of  selected  proportional  morphometric  characters  (in  %  of  total  length)  for  6  regional 
populations  of  Okamejei  kenojei.  (A,  B)  eye  diameter,  males  and  females,  (C,  D)  distance 
between  orbits,  males  and  females,  (E,  F)  prenasal  snout  length,  males  and  females, 
(G,  H)  distance  between  nostrils,  males  and  females.  EC=East  China  Sea;  YS=Yellow 
Sea;  SJ=Sea  of  Japan;  EK=East  coast  of  Kyushu  Is.;  OS=Osaka  Bay;  NP=Pacific  coast  of 
northern  Japan. 


NP  that  had  5  rows  of  tail  thorns  ranged  between  450 
and  536  mm  TL  (average:  495  ±28  mm  TL),  but  simi¬ 
lar  individuals  from  other  populations  ranged  between 
288  and  503  mm  TL  (400  ±37  mm  TL),  mostly  350-430 
mm  TL.  Given  that  the  specimens  with  5  rows  of  tail 
thorns  were  mature,  these  estimated  maturity  sizes 


for  females  differed  significantly  between  NP  and  the 
other  4  populations,  excluding  EK  (P<0.05). 

Coloration  Typical  fresh  body  coloration  of  4  regional 
populations  (except  YS  and  EK)  observed  in  the  pres¬ 
ent  study  was  as  follows:  EC — dorsal  surface  dark 


30 


Fishery  Bulletin  1 1  7(1-2) 


Table  4 

Proportional  measurements  of  females  (in  %  of  total  length)  from  6  regional  populations  of  Okamejei  kenojei  and  their 
morphological  differentiation  significance  among  populations.  Ranges  are  followed  by  mean  ±standard  deviation  in  paren¬ 
theses.  Numbers  under  Significance  indicate  P  values  in  ANCOVA.  Populations  separated  by  <  are  significantly  different. 
NS=nonsignificant.  Population  abbreviations  are  given  in  Table  1. 

EC 

72  =  16 

YS 

72=4 

SJ 

72=36 

EK 

n- 5 

OS 

72  =  17 

NP 

72=39 

Significance 

Total  length  (mm) 

104-410 

415-430 

103-457 

153-471 

341-503 

108-536 

(275  ±97) 

(422  ±6) 

(362  ±83) 

(354  ±113) 

(411  ±35) 

(398  ±125) 

Disc  length 

55.3-59.0 

55.7-60.8 

54.4-61.2 

57.1-61.7 

56.5-61.1 

54.3-64.5 

0.001  [EC,  SJ<OS,  NP] 

(57.4  ±1.1) 

(57.9  ±2.0) 

(57.8  ±1.8) 

(59.6  ±1.4) 

(59.4  ±1.2) 

(59.2  ±1.8) 

Disc  width 

67.8-72.2 

67.5-72.7 

64.5-73.7 

66.7-74.4 

67.2-73.0 

65.3-78.1 

<  0.001  [EC,  SJ.  OS<NP] 

(69.8  ±1.5) 

(70.5  ±2.1) 

(69.4  ±2.4) 

(70.9  ±2.7) 

(69.6  ±1.7) 

(71.8  ±2.4) 

Tail  length 

45.4-52.1 

42.5-47.4 

42.0-51.1 

43.2-49.9 

41.1-46.4 

42.9-52.5 

<  0.001  [SJ,  OS,  NP<EC] 

(48.7  ±1.7) 

(45.8  ±1.9) 

(45.8  ±2.3) 

(45.4  ±2.4) 

(44.3  ±1.1) 

(45.8  ±2.3) 

Dorsal  head  length 

20.6-24.1 

19.3-22.7 

19.8-23.9 

22.9-24.0 

22.0-24.0 

19.8-23.7 

<  0.001  [EC,  EK,  OS<NP] 

(22.6  ±0.9) 

(20.5  ±1.3) 

(21.9  ±0.9) 

(23.4  ±0.4) 

(23.0  ±0.7) 

(21.4  ±0.9) 

[EK.  OS<SJ] 

Dorsal  snout  length 

14.3-17.6 

14.1-16.2 

13.4-16.8 

16.1-17.3 

16.0-17.7 

13.8-16.9 

<  0.001  [EC,  SJ,  NP<OS] 

(15.9  ±0.8) 

(14.7  ±0.9) 

(15.3  ±0.9) 

(16.6  ±0.4) 

(16.7  ±0.6) 

(15.1  ±0.7) 

[EC,  EK<NP]  [SJ<EK] 

Eye  diameter 

3. 0-3. 8 

2. 8-3.0 

3. 0-4. 3 

3. 2-3. 9 

2. 6-3. 3 

2.7-4. 1 

<  0.001  [EC,  SJ,  NP<YS,  OS] 

(3.4  ±0.3) 

(2.9  ±0.1) 

(3.6  ±0.3) 

(3.5  ±0.2) 

(3.0  ±0.2) 

(3.3  ±0.3) 

[SJ<NP]  [EK<OS] 

Distance  between  orbits 

3.8-5. 1 

4. 8-5. 5 

4. 5-5. 7 

4. 5-5. 4 

4. 9-5. 8 

4. 6-6.2 

NS 

(4.7  ±0.3) 

(5.2  ±0.3) 

(5.0  ±0.3) 

(5.0±0.3) 

(5.4  ±0.2) 

(5.5  ±0.4) 

Ventral  head  length 

27.2-31.4 

27.9-32.2 

27.3-32.0 

30.2-31.4 

29.6-32.1 

26.7-31.7 

0.001  [SJ,  NP<OS] 

(29.8  ±1.1) 

(29.2  ±1.8) 

(29.8  ±1.0) 

(30.8  ±0.4) 

(30.7  ±0.7) 

(29.5  ±1.1) 

Ventral  snout  length 

14.5-18.2 

14.0-16.6 

13.6-17.7 

16.7-18.8 

15.8-17.7 

13.9-17.5 

0.001  [SJ,  NP<OS] 

(16.6  ±0.9) 

(14.9  ±1.0) 

(15.9  ±0.9) 

(17.4  ±0.8) 

(16.8  ±0.5) 

(15.4  ±0.8) 

Prenasal  snout  length 

11.7-14.5 

11.1-13.3 

10.9-13.8 

13.1-14.7 

12.9-14.7 

11.4-14.5 

<0.001  [YS,  SJ,  NP<OS] 

(13.2  ±0.7) 

(11.8  ±0.9) 

(12.6  ±0.7) 

(13.7  ±0.6) 

(13.7  ±0.5) 

(12.4  ±0.7) 

[EC,  EK<NP]  [SJ<EK] 

Distance  between  nostrils 

7. 6-8. 4 

7. 8-8. 5 

7. 5-8. 9 

8. 0-8. 4 

8. 0-9.0 

8. 0-9. 6 

<  0.001  [EC,  YS,  SJ,  EK,  OS<NP] 

(8.0  ±0.3) 

(8.1  ±0.3) 

(8.3  ±0.3) 

(8.2  ±0.1) 

(8.4  ±0.3) 

(8.8  ±0.3) 

[EC<OS] 

Distance  between 

14.8-16.5 

14.7-15.9 

14.8-18.0 

15.2-16.2 

14.9-16.1 

15.2-18.5 

<  0.001  [EC,  YS,  SJ,  EK,  OS<NP] 

1st  gill  openings 

(15.6  ±0.5) 

(15.5  ±0.4) 

(16.1  ±0.7) 

(15.6  ±0.4) 

(15.5  ±0.3) 

(16.7  ±0.6) 

[SJ<OS] 

brown  or  chocolate  brown  with  a  pair  of  pale  ocelli  and 
several  small  paler  spots,  these  markings  sometimes 
indistinct  (Fig.  7A);  SJ — dorsal  surface  dark,  light,  or 
yellowish  brown  with  2  pairs  of  pale  or  whitish  ocel¬ 
li,  and  several  paler  or  yellowish  spots  (Fig.  7B);  OS 
— dorsal  surface  dark  brown  or  chocolate  brown  with 
a  pair  of  pale  ocelli  and  several  lighter  spots,  these 
markings  somewhat  indistinct  (Fig.  70;  NP — dorsal 
surface  dark  brown  or  grayish  brown  with  2  pairs  of 
light  brown  and  whitish  ocelli,  and  numerous  small 
black  specks  and  several  irregular  whitish  and  yellow¬ 
ish  spots,  and  pairs  of  whitish  spots  close  together  on 
dorsal  tail  (Fig.  7D). 

Discussion 

Population  structure  of  ocellate  spot  skate 

Both  nucleotide  and  haplotype  variation  seen  in  mtCR 
sequences  occurred  at  lower  levels  in  the  5  populations 
of  O.  kenojei  (Table  1),  than  those  seen  in  other  de¬ 


mersal  bony  fishes  (Heyden  et  al.,  2010).  Low  levels 
of  genetic  diversity  have  been  frequently  reported  in 
other  elasmobranchs  (e.g.  Hoelzel  et  al.,  2006;  Cannas 
et  al.,  2010;  Daly-Engel  at  al.,  2010;  Verissimo  et  al., 
2010;  Vargas-Caro  et  al.,  2017),  because  they  exhibit 
slower  rates  of  genetic  evolution  than  other  vertebrates 
(Martin  et  al.,  1992;  Martin,  1999).  In  addition,  Feutry 
et  al.  (2014)  suggested  that  mtCR  in  elasmobranchs 
could  be  under  higher  evolutionary  constraints  than 
those  of  other  mitochondrial  regions.  In  the  present 
study,  however,  the  significant  FgT  indices  among  the 
regional  populations  revealed  a  fine-scale  population 
structure  within  O.  kenojei,  clearly  indicating  the  lim¬ 
its  of  gene  flow  (Table  2).  In  fact,  11  of  a  total  of  14 
haplotypes  were  unique  to  each  regional  population 
(Fig.  2,  Ok4-14),  and  the  frequency  of  private  haplo¬ 
types  was  high,  which  accounted  for  45%  of  all  obser¬ 
vations.  The  results  of  the  morphological  comparisons, 
including  measurements  (Tables  3  and  4;  Fig.  3),  nu¬ 
chal  thorn  counts  (Fig.  4),  sizes  at  maturity  in  males 
and  females  (Figs.  5  and  6),  and  coloration  (Fig.  7)  also 
almost  corresponded  with  the  results  from  the  mtCR 
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Figure  5 

Plots  of  clasper  length  (as  %  of  total  length)  of  males  from 
6  regional  populations  of  Okamejei  kenojei.  EC=East  China 
Sea;  YS=Yellow  Sea;  SJ=Sea  of  Japan;  EK=East  coast  of  Ky¬ 
ushu  Is.;  OS=Osaka  Bay;  NP=Pacific  coast  of  northern  Japan. 


analysis;  our  results  supported  the  uniqueness  of 
the  regional  populations  and  suggested  limits  to 
migration.  Such  fine-scale  population  structures 
in  other  skate  species  have  already  been  well 
documented  (e.g.,  Chevolot  et  al.,  2006;  Griffiths 
et  al.,  2010,  2011;  Dudgeon  et  al.,  2012;  Im  et  al., 
2017;  Vargas-Caro  et  al.,  2017)  and  are  consid¬ 
ered  to  have  been  derived  from  the  constraints 
of  low  dispersal  because  of  large  benthic  egg  cap¬ 
sules  and  the  absence  of  a  pelagic  larval  stage. 
Vargas-Caro  et  al.  (2017)  suggested  that  smaller 
skates  inhabiting  coastal  areas  had  well-defined 
population  structures  than  larger  skates  inhabit¬ 
ing  offshore  areas  because  body  size  and  habitat 
are  related  to  dispersal  potential.  Maximum  size 
of  members  of  the  family  Rajidae  vary  from  33 
cm  to  more  than  2  m  TL,  and  most  members  oc¬ 
cur  from  continental  shelves  to  more  than  4000 
m  depth  (Last  et  al.,  2016).  Studies  on  migration 
and  habitat  preference  of  O.  kenojei  are  few;  how¬ 
ever,  the  species  is  a  typical  small  skate  matur¬ 
ing  at  ca.  400-500  mm  TL  and  inhabits  coastal 
areas  shallower  than  150  m  depth  (Ishihara  et 
al.,  2009;  Hatooka  et  al.,  2013;  Last  et  al.,  2016). 

In  comparison  with  the  OS  population,  how¬ 
ever,  morphological  divergence  of  the  NP  popu¬ 
lation  was  somewhat  remarkable  against  genetic 
differentiation;  both  genetic  and  morphological 
data  sets  did  not  agree  completely.  Among  12 
measurements  of  characters  (excluding  TL),  as 
well  as  nuchal  thorn  counts,  maturity  size,  and 
coloration,  NP  individuals  were  distinguished  by 
8  of  the  15  characters  (disc  width,  dorsal  head 
length,  distance  between  orbits,  distance  between 
nostrils,  distance  between  1st  gill  openings,  ma¬ 
turity  size,  nuchal  thorn,  and  coloration),  but 
OS  individuals  were  distinguished  by  6  of  the 
15  characters  (dorsal  snout  length,  eye  diameter, 
ventral  head  length,  ventral  snout  length,  prena¬ 
sal  snout  length,  and  nuchal  thorn)  (see  Tables 
3-4;  Figs.  3-7).  It  should  be  noted  that  we  exam¬ 
ined  a  single  maternally  inherited  gene  (mtCR) 
which  cannot  be  considered  derived  from  male- 
mediated  gene  flow.  This  single  gene  may  also 
explain  the  partial  mismatch  between  our  mtCR 
analysis  and  our  morphological  comparisons.  Fur¬ 
thermore,  genetic  differences  may  also  be  ran¬ 
dom  to  some  extent;  Spies  et  al.  (2006)  indicated 
that  genetic  differences  at  mtDNA  cytochrome  c 
oxidase  subunit  I  (COI)  were  not  observed  even 
among  different  species.  In  another  case,  incon¬ 
gruence  between  genetic  and  morphological  varia¬ 
tion  may  be  due  to  adaptations  to  different  en¬ 
vironments.  For  example,  adaptive  evolutionary 
changes  in  life  history,  physiology,  and  phenotype 
in  the  winter  skate  ( Leucoraja  ocellata )  have 
been  associated  with  epigenetic  regulation  that 
causes  changes  in  gene  expression  for  adaptation 
to  different  environments  without  obvious  genetic 
change  (Kelly  and  Hanson,  2013;  Lighten  et  al., 
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Figure  6 

Plots  of  number  of  tail  thorn  rows  of  females  within  6  re¬ 
gional  populations  of  Okamejei  kenojei.  (A)  EC,  YS,  and  SJ, 
(B)  EK,  OS,  and  NP.  EC=East  China  Sea;  YS=Yellow  Sea; 
SJ=Sea  of  Japan;  EK=East  coast  of  Kyushu  Is.;  OS=Osaka 
Bay;  NP=Pacific  coast  of  northern  Japan. 


2016).  Therefore,  further  study  of  the  species  based  on 
nuclear  DNA  or  other  mtDNA  markers,  or  both,  would 
reveal  more  details  in  population  structure  and  associ¬ 
ated  morphological  variations. 

In  the  haplotype  network  for  ocellate  spot  skate, 
the  OS  haplotypes  (Okl3  and  Okl4)  were  distant  from 
others,  but  these  two  haplotypes  are  closely  related  to 
each  other  in  the  network  (Fig.  2).  In  addition,  OS  in¬ 
dividuals  were  characterized  by  a  smaller  eye,  longer 
head  and  snout,  and  fewer  nuchal  thorns  than  those 
in  other  regional  populations  (Tables  3  and  4;  Figs.  3 
and  4),  clearly  suggesting  significant  isolation  of  the 
OS  population  from  the  other  populations.  In  fact,  the 
OS  individuals  were  collected  only  from  Osaka  Bay, 
situated  at  the  innermost  part  of  the  Seto  Inland  Sea 
(Fig.  1),  and  O.  kenojei  were  not  collected  from  other 
marginal  areas  of  Osaka  Bay.  This  finding  may  suggest 
that  this  species  is  inhabiting  patchy  areas  and  exhib¬ 
iting  discontinuity  in  around  the  Seto  Inland  Sea,  and 
its  distributional  area  is  also  isolated  from  other  areas. 

Although  one  of  two  haplotypes  of  the  ocellate  spot 


skate  in  NP  was  shared  with  other  regional  popu¬ 
lations  (Fig.  2,  Okl),  NP  individuals  clearly  dif¬ 
fered  in  morphological  characters  from  other  pop¬ 
ulations,  by  having  a  broader  disc,  smaller  eye, 
shorter  head  and  snout,  widely  separated  orbits, 
nostrils  and  gill  openings,  a  greater  number  of 
nuchal  thorns  and  numerous  small  black  specks 
present  on  its  dorsal  surface  (Figs.  3,  4,  and  7). 
The  size  at  maturity  of  males  and  females  was 
also  greater  than  that  in  other  regional  popula¬ 
tions  (Figs.  5  and  6).  Such  morphological  diver¬ 
gence  of  NP  from  the  other  regional  populations 
agreed  well  with  the  findings  of  Ishiyama  (1967) 
and  Ishihara  (1987).  Although  the  former  recog¬ 
nized  NP  individuals  as  a  separate  species,  the 
sharing  of  a  haplotype  with  other  regional  popu¬ 
lations  (Okl)  indicates  the  absence  of  reproduc¬ 
tive  isolation  between  them.  Although  gene  flow 
between  NP  and  other  regional  populations  has 
been  limited,  as  suggested  by  a  significant  FST, 
we  treated  the  NP  as  the  area  of  a  local  popula¬ 
tion  within  O.  kenojei,  as  suggested  by  Ishihara 
( 1987).  Gene  flow  between  it  and  the  other  popula¬ 
tions  seems  to  be  restricted  by  the  Tsugaru  Strait 
between  the  Sea  of  Japan  and  Pacific  Ocean  (Fig. 
1) — further  evidence  of  a  phylogeographical  break 
across  the  Tsugaru  Strait  (Kai  et  al.,  2014;  Kai 
and  Yamanaka2). 

Size  at  maturity  was  clearly  larger  in  NP  indi¬ 
viduals  than  in  other  regional  populations  (Figs. 
5  and  6).  Such  differences  between  Sea  of  Japan, 
Sea  of  Okhotsk,  and  Pacific  Ocean  populations 
have  been  noted  for  several  fish  species.  For  ex¬ 
ample,  Tamate  (2012)  showed  that  the  body  size 
of  the  anadromous  masu  salmon  ( Oncorhynchus 
masou )  returning  to  the  coast  from  the  Sea  of  Ok¬ 
hotsk  was  significantly  smaller  than  that  of  the 
same  species  from  the  Pacific  and  Sea  of  Japan 
coasts.  In  contrast,  Tohkairin  et  al.  (2014)  showed 
that  the  maximum  body  size  of  the  marbled  snailfish 
( Crystallichthys  matsushirnae )  was  much  smaller  in  the 
Sea  of  Japan  population  than  in  the  Pacific  and  Sea 
of  Okhotsk  population.  Because  the  genetic  divergence 
between  NP  and  other  populations  was  at  the  intraspe¬ 
cific  level,  some  other  evolutionary  factors  may  have 
shaped  the  geographic  size  variations  in  O.  kenojei. 

It  should  be  noted  that  the  NP  haplotypes  were  sim¬ 
ilar  to  those  of  SJ,  YC  and  EC,  but  distantly  related 
to  those  of  OS,  suggesting  that  NP  was  colonized  from 
SJ  through  the  Tsugaru  Strait,  not  from  OS  along  the 
Pacific  coast  of  Japan.  Although  no  obvious  geographic 
barriers  are  known  between  OS  and  NP,  the  absence  of 
a  major  population  of  O.  kenojei  from  the  Pacific  coast 
of  central  Japan  suggests  that  the  strong  Kuroshio 
Current,  originating  from  tropical  waters,  may  have 
prevented  dispersal  of  the  species.  In  fact,  the  main 


2  Kai,  Y.,  and  T.  Yamanaka.  2017.  Tsugaru  Straight  hybrid 
zone  between  two  Japanese  marine  sculpins  (genus  Cottius- 
culus).  [Available  at  website,  accessed  May  2018] 
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Figure  7 

Typical  coloration  of  4  regional  populations  of  Okamejei  kenojei.  (A)  FAKU  140518,  384  mm 
total  length  (TL),  adult  female,  East  China  Sea  (B)  BSKU  116603,  289  mm  TL,  immature 
male,  Sea  of  Japan,  (C)  FAKU  140521,  430  mm  TL,  adult  male,  Osaka  Bay,  (D)  BSKU  112173, 
462  mm  TL,  adult  male,  Pacific  coast  of  northern  Japan. 


route  of  the  Kuroshio  Current  has  been  stable  at  least 
since  the  last  glacial  period  (Kojima  et  ah,  2000),  shap¬ 
ing  the  distributional  range  of  various  coastal  species 
along  the  Japanese  Archipelago  (Matsuura,  2012). 

The  genetic  and  morphological  divergence  of  ocel- 
late  spot  skate  populations  between  the  Sea  of  Japan 
and  East  China  Sea,  suggested  by  significant  FST  val¬ 
ues  (Table  2)  and  measurements  (Table  4),  is  mirrored 
in  several  coastal  marine  species.  For  example,  Liu  et 
al.  (2007)  disclosed  3  mtDNA  lineages  in  redlip  mul¬ 
let  {Chelon  haematocheilus ) — lineages  that  diverged 
among  the  Sea  of  Japan  and  the  East  and  South  China 
seas  during  Pleistocene  glaciations.  In  addition,  genet¬ 
ic  and  morphological  divergence  was  also  detected  be¬ 
tween  EC  and  YS,  which  are  separated  by  the  Tsushi¬ 
ma  Strait  and  Tsushima  Current  (Fig.  1).  Similarly,  ge¬ 
netic  divergence  between  the  Yellow  Sea  and  Japanese 
coast  of  the  East  China  Sea  has  been  noted  in  several 
marine  fishes,  including  the  white  croaker  ( Pennahia 
argentata),  spotted  halibut  ( Verasper  variegatus),  and 
gizzard  shad  ( Konosirus  punctatus)  (see  Han  et  ah, 
2008;  Sekino  et  al.,  2011;  Gwak  et  al.,  2015).  As  noted 
in  the  above  examples  with  C,  haematocheilus  and  K. 
punctatus,  3  regional  populations  (EC,  YS,  and  SJ)  of 
O.  kenojei  also  diverged  on  account  of  Tsushima  Strait 
and  the  Tsushima  Current,  which  act  as  geographical 
barriers. 


Implications  for  fisheries  management  Small  and  ben¬ 
thic  (or  benthopelagic)  elasmobranch  species  tend  to 
exhibit  more  distinct  population  structures  at  smaller 
spatial  scales  than  those  exhibited  by  large  pelagic 
species  (Larson  et  al.,  2017).  In  fact,  movement  pat¬ 
terns  of  some  skate  species  investigated  in  tagging 
studies,  have  shown  that  most  had  a  small  home  range 
(within  a  100-km2  area)  (Walker  et  al.,  1997;  Hunter 
et  al.,  2005;  King  and  McFarlane,  2010;  Neat  et  al., 
2015;  Farrugia  et  al.,  2016;  Vargas-Caro  et  al.,  2017)  in 
spite  of  their  potential  ability  to  migrate  hundreds  of 
kilometers  (King  and  McFarlane,  2010).  Regarding  O. 
kenojei,  a  lack  of  tagging  studies  has  meant  no  insights 
on  migratory  range,  although  the  extensive  population 
structure  found  in  this  study  suggests  that  the  species 
has  a  small  home  range. 

Because  fish  populations  have  a  unique  set  of  dy¬ 
namics,  such  as  recruitment,  growth,  and  mortality 
that  influence  current  and  future  status,  it  is  impor¬ 
tant,  even  within  the  same  species  (Pope  et  al.,  2010), 
to  define  management  units  (MUs)  based  on  population 
structure  and  to  execute  subsequent  assessment  and 
management  of  stocks  according  to  each  MU.  Clearly, 
MUs  for  O.  kenojei  need  to  be  set  according  to  the  pop¬ 
ulation  structure  of  the  species  because  of  the  genetic 
and  morphological  differentiation  of  populations  among 
the  investigated  regions.  We  suggest  at  least  6  MUs  for 
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O.  kenojei :  East  China  Sea  (EC),  Yellow  Sea  (YS),  Sea 
of  Japan  (SJ),  east  coast  of  Kyushu  Is.  (EK),  Osaka 
Bay  (OS),  and  Pacific  coast  of  northern  Japan  (NP). 
In  particular,  careful  monitoring  of  population  (stock) 
abundance  of  local  populations  characterized  by  low 
genetic  diversity  and  geographical  isolation,  such  as 
the  abundance  of  OS  and  NP  populations  of  O.  kenojei, 
is  necessary.  Tagging  studies,  which  may  reveal  some 
aspects  of  migratory  behavior,  may  also  help  to  clarify 
factors  contributing  to  the  population  structure  of  O. 
kenojei. 
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Abstract — Stocks  of  red  snapper 
( Lutjanus  campechanus)  exhibited 
a  dramatic  decline  in  abundance  in 
the  northern  Gulf  of  Mexico  (GOM) 
between  1960  and  1991;  manage¬ 
ment  regulations  implemented 
since  1991  have  resulted  in  a  mod¬ 
est  recovery.  To  examine  potential 
temporal  and  regional  changes  in 
reproductive  parameters  of  female 
red  snapper  during  recovery  of  the 
stock,  we  used  meta-analytical  mod¬ 
els  to  analyze  data  collected  during 
1991-2017  throughout  the  north¬ 
eastern  (Florida,  Alabama,  Missis¬ 
sippi)  and  northwestern  (Louisiana 
and  Texas)  GOM;  no  data  were 
available  for  2003-2008.  Peak  red 
snapper  spawning  occurred  from 
June  through  August  throughout  the 
time  period,  and  a  high  probability 
(>75%)  of  spawning  occurred  during 
May  from  1995  through  2017.  The 
reproductive  season  was  estimated 
to  average  4.5  months  from  1994 
through  2017.  Increases  in  spawn¬ 
ing  interval  were  estimated  across 
time  in  the  northwestern  region 
(2.3-4. 7  days  between  spawnings 
from  1992  through  2015)  and  for  re¬ 
gions  combined  (2. 4-2. 9  days  from 
1991  through  2017)  but  showed  no 
changes  in  the  northeastern  region 
(2. 3-2. 4  days  from  1991  through 
2017).  Relative  batch  fecundity  gen¬ 
erally  decreased  from  1991  through 
2017  for  all  models;  however,  this 
decrease  was  more  notable  in  the 
northwestern  GOM  than  in  the 
northeastern  GOM  after  2013.  Our 
analyses  suggest  evidence  of  repro¬ 
ductive  compensation,  particularly 
because  the  estimated  changes  in 
reproductive  parameters  were  more 
pronounced  in  the  northwestern 
GOM. 
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Red  snapper  (Lutjanus  campecha¬ 
nus)  is  one  of  the  most  popular  rec¬ 
reational  and  commercial  species 
throughout  the  northern  Gulf  of 
Mexico  (GOM).  This  popularity  has 
resulted  in  high  fishing  pressure  on 
the  species,  resulting  in  dramatic  de¬ 
clines  in  the  stocks  since  the  1960s 
and  reaching  a  low  point  in  1990 
(SEDAR  52,  2018).  The  first  stock 
assessment  for  red  snapper,  conduct¬ 
ed  in  1988,  concluded  that  the  stock 
was  overfished  and  continues  to  be 
overfished  (i.e.,  is  undergoing  “over¬ 
fishing”;  Goodyear,  1988).  A  series  of 
regulations  have  been  implemented 
since  that  time,  including  bag  limits, 
size  limits,  gear  restrictions,  limits 
on  the  length  of  the  commercial  and 
recreational  fishing  seasons,  and  the 
institution  of  an  individual  fishing 
quota  (IFQ)  program.  In  2005,  new, 
stricter  regulations  were  put  into 
place  in  an  effort  to  end  overfishing 


of  red  snapper  by  2009  or  2010  (GM- 
FMC,  2007).  The  most  recent  stock 
assessment,  completed  in  April  2018, 
concluded  that  red  snapper  stocks 
are  in  recovery  and  that  they  are  not 
overfished  and  are  not  in  the  process 
of  being  overfished  on  a  gulf-wide  ba¬ 
sis  (SEDAR  52,  2018).  The  stock  is 
expected  to  continue  to  increase  and 
should  be  within  a  few  percentage 
points  of  the  target  spawning  stock 
biomass  (26%)  by  2028  (SEDAR  52, 
2018). 

Knowledge  of  red  snapper  repro¬ 
ductive  biology  is  important  for  un¬ 
derstanding  both  the  decline  and  po¬ 
tential  recovery  of  the  species.  How¬ 
ever,  between  1965  and  2000  only 
13  publications  were  devoted  to  red 
snapper  reproductive  biology  (0.37 
publications/year;  Fig.  1),  despite 
the  dramatic  decline  in  red  snap¬ 
per  stocks  in  the  1960s  through  the 
1990s.  Since  2000,  red  snapper  pub- 
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Figure  1 

Number  of  publications  related  to  red  snapper  ( Lutjanus  campecha- 
nus )  reproductive  biology  from  1965  through  2017.  Each  bar  repre¬ 
sents  a  5-year  bin,  with  the  exception  of  2015,  which  represents  3 
years.  Figure  includes  all  publications  from  the  Gulf  of  Mexico  and 
the  Atlantic  Ocean. 


lications  on  reproductive  biology  have  in¬ 
creased  to  2.16/year  according  to  a  search 
of  the  internet  with  Google  Scholar  (Fig. 

1).  It  is  well  documented  that  red  snap¬ 
per  have  an  extended  spawning  season 
in  the  GOM,  generally  ranging  from  May 
through  October,  and  peak  spawning  oc¬ 
curs  from  June  through  mid-September 
(SEDAR  31,  2013).  Female  red  snapper 
are  batch  spawners  with  indeterminate 
fecundity,  and  the  spawning  interval, 
or  number  of  days  between  consecutive 
spawnings,  decreases  with  increasing  fe¬ 
male  size  or  age  (Porch  et  ah,  2015).  Fe¬ 
male  red  snapper  can  reach  sexual  matu¬ 
rity  as  early  as  age-2  (SEDAR  31,  2013, 

Porch  et  al.,  2015). 

The  reproductive  potential  of  female 
red  snapper  has  been  shown  to  vary  with 
region,  habitat,  and  time.  Red  snapper 
from  the  east  coast  of  the  United  States 
were  more  fecund  and  had  a  shorter 
spawning  interval  than  those  from  off 
the  Dry  Tortugas  in  the  Gulf  of  Mexico, 
although  spawning  seasonality  appeared 
similar  in  both  areas  (Brown-Peterson  et 
al.,  2009).  Recent  modeling  of  red  snap¬ 
per  biomass  and  fecundity  has  indicated 
that  both  estimates  are  higher  for  the 
northwestern  GOM  than  for  the  north¬ 
eastern  GOM  (Porch  et  al.,  2015,  Karnauskas  et  al., 
2017).  These  reported  differences  are  likely  related 
to  the  higher  proportion  of  larger,  older  individuals 
in  the  northwestern  GOM  than  in  the  northeastern 
GOM  (Porch  et  al.,  2015).  Reproductive  potential  has 
also  been  hypothesized  to  be  related  to  habitat;  fish 
captured  on  natural  reef  banks  reproduce  earlier,  at  a 
smaller  size,  more  frequently,  and  with  a  higher  fecun¬ 
dity  than  fish  captured  on  artificial  reefs  in  Louisiana 
(Glenn  et  al.,  2017).  However,  small  sample  sizes  and 
differences  in  depth  between  the  natural  reefs  and  ar¬ 
tificial  reefs  reported  in  Glenn  et  al.  (2017)  may  con¬ 
found  the  conclusions  from  this  article.  For  example, 
no  difference  was  found  in  spawning  behavior  or  fe¬ 
cundity  of  female  red  snapper  captured  from  oil  plat¬ 
forms  or  natural  hard  bottom  in  Texas  within  the  same 
depth  zone  (Downey  et  al.,  2018).  However,  female  red 
snapper  captured  on  nearshore  artificial  reefs  in  Texas 
exhibited  more  active  spawning  and  higher  fecundity 
than  those  taken  from  offshore  artificial  reefs  (Alexan¬ 
der,  2015),  despite  similarities  in  depth  between  near¬ 
shore  and  offshore  reefs.  Finally,  female  red  snapper 
showed  a  decrease  in  fecundity  and  spawning  frequen¬ 
cy,  as  well  as  a  slower  progression  to  sexual  maturity 
between  2000  and  2010,  and  these  results  were  more 
pronounced  in  fish  from  the  northwestern  GOM  than  in 
the  northeastern  GOM  (Kulaw  et  al.,  2017).  However, 
the  conclusions  of  Kulaw  et  al.  (2017)  may  have  been 
influenced  by  small  sample  sizes  during  2009-2010, 
particularly  from  the  northeastern  GOM. 


To  further  examine  potential  temporal  and  spatial 
changes  in  reproductive  parameters  of  GOM  female 
red  snapper,  we  conducted  an  expanded  meta-analysis 
of  several  reproductive  parameters  from  1991  through 
2017.  This  27-year  period  represents  a  time  during 
which  red  snapper  stocks  have  increased  from  historic 
low  levels  despite  undergoing  relatively  high  levels  of 
fishing  pressure.  Specifically,  we  evaluated  differences 
in  spawning  seasonality,  batch  fecundity,  and  spawn¬ 
ing  interval  across  time.  Additionally,  we  modeled  dif¬ 
ferences  in  spawning  interval  and  batch  fecundity  be¬ 
tween  eastern  and  western  subgroups  of  red  snapper  in 
the  northern  GOM. 


Materials  and  methods 
Data  sources 

We  searched  Google  Scholar  for  “red  snapper  reproduc¬ 
tion”  and  “ Lutjanus  campechanus  reproduction”  and 
selected  articles  published  between  1991  and  2018 
containing  information  on  any  of  the  following  terms: 
spawning,  spawning  seasonality,  fecundity,  spawning 
interval/frequency,  spawning  behavior,  and  gonadal 
histology.  Additional  relevant  papers  not  found  in  the 
search  were  included  on  the  basis  of  those  with  expert 
knowledge.  The  relatively  few  articles  published  on  red 
snapper  reproduction  before  1991  that  contained  us¬ 
able  data  resulted  in  large  gaps  in  the  time  series  of 
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Table  1 


Data  sources  and  parameters  used  for  analysis  of  female  red  snapper  reproduction  in  the 
northern  Gulf  of  Mexico  (GOM);  E=northeastern  GOM;  W=northwestern  GOM;  R=raw  data; 
S=summary  data. 


Year 

Region 

Reproductive  parameter 

Relative 

Spawning  batch 

GSI  interval  fecundity 

Reference 

1991-1992 

E 

R 

R 

R 

SEDAR  7,  2005 

1993-1995 

E,  W 

R 

R 

R 

SEDAR  7,  2005 

1998-2002 

E,  W 

R 

R 

R 

SEDAR  7,  2005 

1999-2001 

E,  W 

R 

R 

R 

Kulaw  et  al.,  2017 

1999 

E 

R 

Szedlmayer  and  Furman,  2000° 

2004 

E 

R 

Brown-Peterson  et  al.,  2009 

2007-2010 

R 

SEDAR  31,  2013 

2009 

E 

S 

Lowerre-Barbieri  et  al.,  2012 

2009-2010 

W 

S 

R 

Cowan  et  al.,  2012 

2009-2010 

E,  W 

R 

R 

R 

Kulaw  et  al.,  2017 

2011 

E,  W 

R 

R 

R 

Fitzhugh  et  al.,  2012a 

2012 

E,  W 

R 

Lang  and  Falterman,  2017 

2012-2013 

W 

R 

R 

R 

Glenn  et  al.,  2017 

2012-2016 

E,  W 

R 

R 

R 

SEDAR  52,  2018 

2013-2014 

W 

S 

S 

Alexander,  2015 

2013-2015 

w 

S 

S 

R 

Downey  et  al.,  2018 

2016-2017 

E 

R 

R 

R 

Brown-Peterson,  current  study 

“  Szedlmayer,  S.  T.,  and  C.  Furman.  2000.  Estimation  of  abundance,  mortality,  fecundity,  age 
frequency,  and  growth  rates  of  red  snapper  Lutjanus  campechanus,  from  a  fishery-independent 
stratified  random  survey.  Report  to  the  Gulf  and  South  Atlantic  Fisheries  Foundation,  Inc.  Na¬ 
tional  Oceanographic  and  Atmospheric  Administration,  Department  of  Commerce  Cooperative 
agreement  NA87FM0221. 


data,  and  therefore  no  papers  published  before  1991 
were  included  in  the  analyses.  Although  Render  (1995) 
contains  information  on  spawning  seasonality  and 
spawning  interval,  insufficient  details  were  provided 
to  be  able  to  use  the  data  in  our  analyses. 

When  possible  and  necessary,  we  contacted  the 
authors  of  articles  to  receive  their  original  data.  In 
all  other  cases,  the  data  provided  within  the  articles 
themselves  were  used  in  the  meta-analysis.  Addition¬ 
ally,  data  from  an  ongoing,  unpublished  study  by  the 
first  author  were  included  in  the  analyses.  All  data 
sources  used  for  analyses  are  shown  in  Table  1  and  in¬ 
clude  peer-reviewed,  published  manuscripts,  graduate 
theses,  and  final  or  interim  reports. 

Data  collection— 201 6  and  2017  samples 

Red  snapper  were  collected  monthly  in  Mississippi 
waters  from  April  through  November  2016  and  from 
April  through  October  2017  during  daylight  hours  by 
using  vertical  longlines  baited  with  Atlantic  mackerel 
( Scomber  scomber).  Sampling  gear  consisted  of  3  elec¬ 
tric  reels  rigged  with  an  8-m  vertical  mainline  that  was 
outfitted  with  ten  45.7-cm  leaders  spaced  0.67-m  apart 


and  a  4.5-kg  weight  at  the  terminal  end.  All  leaders  on 
each  line  were  rigged  with  one  hook  size  (8/0,  11/0  or 
15/0  circle  hooks  of  0  offset).  Lines  were  fished  just  off 
the  bottom  for  5  min/set.  Habitats  sampled  included 
permitted  fishing  zones  around  artificial  reefs,  oil  and 
gas  platforms,  and  rigs-to-reef  sites  at  3  depth  zones  (< 
20  m,  20-49  m,  50-100  m).  Sites  at  reefs  were  fished 
at  the  2  shallowest  depth  zones,  whereas  rigs-to-reef 
sites  were  fished  only  at  the  deepest  depth  zone.  Three 
5-min  sets  were  made  at  platforms  and  at  reef  zones 
where  fishing  was  permitted  at  each  depth  zone,  and 
two  5-min  sets  were  made  at  rigs-to-reefs  sites.  All  fish 
were  stored  on  ice  immediately  upon  capture. 

Fish  were  measured  (FL,  mm)  and  weighed  (0.01 
kg).  Gonadal  tissue  was  removed,  weighed  (0.1  g) 
and  macroscopically  assessed  to  determine  reproduc¬ 
tive  phase  (Brown-Peterson  et  al.,  2011).  A  section  of 
ovary  from  each  fish  was  preserved  in  10%  neutral 
buffered  formalin  within  15  hours  of  capture  for  histo¬ 
logical  analysis  and  assignment  of  reproductive  phase 
(Brown-Peterson  et  al.,  2011).  A  portion  (1-4  g)  of  the 
ovary  of  all  females  macroscopically  identified  in  the 
actively  spawning  subphase  was  weighed  (0.01  g)  and 
preserved  for  a  minimum  of  3  months  in  Gilson’s  solu- 
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tion  for  fecundity  analysis.  Batch  fecundity  was  deter¬ 
mined  volumetrically  for  6  subsamples  per  individual 
for  fish  histologically  verified  in  the  actively  spawning 
subphase  (Bagenal  and  Braum,  1971). 

Reproductive  parameters 

Reproductive  parameters  were  calculated  from  original 
data  when  available.  When  only  summary  data  were 
available,  the  mean,  standard  error,  and  number  of 
samples  were  taken  or  calculated  from  tables  or  graphs 
provided  in  the  publication.  Spawning  seasonality  was 
defined  on  the  basis  of  the  Gonadosomatic  Index  (GSI), 
with 

GSI  =  ( gonad  weight  / gonad-free  weight )  x  100.  (1) 

Fish  were  considered  reproductively  active  if  their  GSI 
was  >1.0,  and  reproductively  inactive  if  their  GSI  was 
<1.0.  This  GSI  threshold  was  based  on  histological  as¬ 
sessments  of  developing  and  spawning-capable  fish. 
Spawning  interval  (estimated  days  between  spawn¬ 
ings)  was  calculated  in  2  ways  using  2  separate  types 
of  spawning  markers.  First,  the  reciprocal  of  the  to¬ 
tal  number  of  actively  spawning  females  (i.e.,  those 
undergoing  oocyte  maturation  (OM),  including  those 
with  hydrated  oocytes)  was  divided  by  the  number  of 
spawning  capable  females.  For  the  second  method,  we 
used  the  reciprocal  of  the  total  number  of  females  with 
postovulatory  follicles  (POFs)  <24  h  that  were  observed 
in  the  ovary  divided  by  the  number  of  spawning  ca¬ 
pable  females.  We  assumed  that  both  types  of  spawn¬ 
ing  markers  are  equivalent  in  both  detectability  and 
duration  (approximately  24  hours,  but  see  Porch  et  al., 
2015).  Because  batch  fecundity  is  positively  correlated 
with  fish  size  (Lowerre-Barbieri  et  al.,  2015),  relative 
batch  fecundity  (RBF,  number  of  eggs/g  ovary-free  body 
weight)  was  used  in  all  models  to  remove  the  influence 
of  fish  size  and  was  calculated  as  batch  fecundity  di¬ 
vided  by  ovary-free  body  weight. 

Data  analysis 

Our  analyses  involved  the  use  of  hierarchical  Bayesian 
models,  which  are  well  suited  to  account  for  statisti¬ 
cal  uncertainty  at  multiple  levels  and  from  multiple 
sources  (Gelman  et  al.,  2013).  An  essential  component 
to  Bayesian  analysis  is  prior  distributions,  which  can 
be  thought  of  as  formalized  assumptions  of  our  uncer¬ 
tainty  about  the  parameters.  In  particular,  we  used 
weakly  informative  priors  that  place  a  low  probabil¬ 
ity  on  extraordinarily  unreasonable  parameter  values 
without  excluding  anything  in  a  broad  range  of  plausi¬ 
bility.  A  Bayesian  analysis  combines  the  prior  distribu¬ 
tions  with  the  likelihood  of  the  data  to  create  a  poste¬ 
rior  distribution  that  describes  the  uncertainty  around 
the  parameter  estimates.  Posteriors  are  often  described 
by  their  median  and  their  credible  intervals  (usually 
50%  and  95%),  which  are  the  corresponding  quantiles 
of  the  distribution.  The  posterior  distribution  is  gen¬ 
erally  estimated  with  an  algorithm  that  explores  and 


samples  parameter  values  over  a  series  of  iterations. 
Once  the  posterior  distribution  has  been  estimated, 
it  can  be  used  to  perform  a  posterior  predictive  check 
(i.e.,  simulate  new  data  from  the  parameters  to  evalu¬ 
ate  the  suitability  of  the  model).  If  these  generated 
data  are  not  similar  to  the  real  data,  the  model  may 
need  revision.  For  further  details,  an  introduction  to 
Bayesian  methodology  is  provided  by  McElreath  (2016). 

We  examined  the  potential  change  in  red  snapper 
reproductive  variables  (spawning  seasonality,  spawn¬ 
ing  interval,  and  fecundity)  over  a  27-year  period.  Our 
data  came  from  multiple  studies  conducted  by  different 
researchers  at  varying  times  throughout  the  northern 
GOM,  and  all  data  sets  shown  in  Table  1  were  used 
in  our  analyses.  Although  we  have  full  data  sets  for 
many  of  these  studies,  a  substantial  subset  provided 
only  means  and  standard  errors.  For  each  reproduc¬ 
tive  parameter,  we  combined  a  Gaussian  process  time 
series  model,  which  is  a  flexible  method  that  estimates 
temporal  trends  where  there  is  similarity  among  near¬ 
by  years  but  not  a  linear  increase  or  decrease  in  years, 
with  a  random  effects  meta-analysis,  which  accounts 
for  variation  among  studies.  Unless  otherwise  noted, 
all  estimates  and  predictions  produced  by  these  analy¬ 
ses  are  posterior  distributions. 

To  estimate  spawning  seasonality,  we  used  a  Gauss¬ 
ian  process  time  series  to  estimate  the  mean  GSI  for 
each  month  and  year  within  the  data  range;  both  raw 
and  summarized  data  were  used  in  this  analysis.  Sepa¬ 
rate  Gaussian  processes  estimated  monthly,  yearly,  and 
monthly-by-yearly  interactions.  We  calculated  the  prob¬ 
ability  of  spawning  activity  for  each  month  and  year 
from  the  proportion  of  the  posterior  distribution  cor¬ 
responding  to  a  mean  GSI  estimate  that  was  >1.  The 
sum  of  monthly  spawning  probabilities  for  each  year  is 
the  expected  spawning  period  for  the  year. 

Because  spawning  interval  is  the  reciprocal  of  a 
proportion  (i.e.,  the  proportion  of  fish  spawning  at  a 
given  time),  it  can  be  analyzed  with  a  modified  logis¬ 
tic  regression.  When  available,  we  used  the  number  of 
fish  caught  and  the  number  spawning  to  fit  the  model. 
When  original  data  were  unavailable,  we  used  pub¬ 
lished  estimates  of  spawning  intervals  and  calculated 
standard  errors  from  sample  sizes.  To  examine  poten¬ 
tial  differences  between  the  northeastern  and  north¬ 
western  GOM,  we  compared  models  with  a  single  time 
series  with  models  where  the  2  regions  were  modeled 
separately.  We  ran  these  models  for  both  of  the  meth¬ 
ods  to  determine  spawning  interval  (for  individuals 
undergoing  OM  or  POF).  In  addition  to  the  time  se¬ 
ries  and  meta-analysis,  our  model  re-estimated  spawn¬ 
ing  interval  for  each  study  from  the  raw  data.  This 
approach  improves  spawning  interval  estimates  from 
studies  with  small  sample  sizes  and  allows  a  credible 
interval  calculation. 

We  used  only  individual-level  data  for  our  analysis 
of  RBF.  As  with  the  spawning  interval  analysis,  we 
compared  a  model  that  estimated  separate  time  series 
for  the  northeastern  and  northwestern  GOM  with  a 
model  that  pooled  the  regions. 
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All  models  were  written  with  Stan  software,  vers. 
2.171  (Carpenter  et  al.,  2017).  Pre-  and  postprocess¬ 
ing  data  were  analyzed  in  R,  vers.  3.4.1  (R  Core  Team, 
2017).  Results  were  checked  for  nonconvergence  as 
recommended  in  the  Stan  user  manual  (Stan  Devel¬ 
opment  Team,  2017),  and  model  fit  was  checked  with 
posterior  predictive  checks.  To  assess  the  robustness  of 
the  models  to  prior  assumptions,  we  re-ran  each  model 
multiple  times  with  different  hyperparameters.  Prior 
sensitivity  was  assessed  by  comparing  the  posterior 
predictive  summary  statistics.  Full  details  of  all  analy¬ 
ses  and  validations  are  provided  in  the  online  Supple¬ 
mentary  methods  (online  only)  section. 

Results 

Model  performance 

All  models  converged  onto  stationary  posterior  distri¬ 
butions  (Suppl.  Figs.  1-4)  (online  only).  Posterior  predic¬ 
tive  checks  showed  the  spawning  seasonality  model 
(Suppl.  Figs.  5  and  6)  (online  only),  the  spawning  interval 
models  for  OM  (Suppl.  Figs.  7-10)  (online  only)  and  POF 
(Suppl.  Figs.  11-14)  (online  only)  and  the  batch  fecundity 
models  (Suppl.  Figs.  15  and  16)  (online  only)  performed 
well,  with  summary  statistics  matching  the  real  data. 
Although  the  batch  fecundity  models  had  difficulty  pre¬ 
dicting  individual  fecundity  values  because  of  the  large 
amount  of  variation  among  individuals  (Suppl.  Figs.  17 
and  18)  (online  only),  they  predicted  group-level  fecun¬ 
dity  well  (Suppl.  Figs.  19  and  20)  (online  only).  Forest 
plots  showed  there  was  not  a  consistent  temporal  trend 
in  study-level  effects  for  spawning  seasonality  (Suppl. 
Fig.  21)  (online  only),  and  no  temporal  or  regional  trend 
for  spawning  interval  (Suppl.  Figs.  22  and  23)  (online 
only)  or  fecundity  (Suppl.  Fig.  24)  (online  only).  Finally, 
the  sensitivity  analyses  showed  qualitative  agreement 
and  therefore  robustness  to  prior  assumptions  across 
the  different  sensitivity  trials  for  all  models  (Suppl. 
Figs.  25-31)  (online  only).  Details  about  model  validity 
checks  are  provided  in  the  Validation  Results  section 
of  the  Supplementary  methods  (online  only). 

Spawning  seasonality 

Spawning  seasonality  was  modeled  by  using  data  com¬ 
bined  from  the  northeastern  and  northwestern  GOM. 
Owing  to  the  complexity  of  the  GSI  model,  we  did  not 
have  enough  data  to  estimate  monthly  GSI  parame¬ 
ters  for  each  region  separately.  No  data  were  available 
from  2003  through  2008  and  therefore  models  are  not 
presented  for  these  years.  In  general,  the  estimated 
monthly  GSI  values  were  a  close  match  to  the  observed 
mean  monthly  GSI  values,  with  the  exception  of  May 
1994  and  1995,  April,  May,  and  September  1999  and 
April  and  June  2001,  when  some  studies  had  much 


1  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 
tification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


higher  mean  GSI  values  than  the  estimates  (Fig.  2A). 
Lower  mean  GSI  values  than  the  estimates  were  seen 
in  July  1999,  May  2000,  June  and  July  2001,  April 
2013,  May  2014  and  June  2016  (Fig.  2A). 

Our  analysis  showed  that  peak  spawning  occurs  dur¬ 
ing  June,  July  and  August  for  the  entire  27-year  time 
period  of  analysis  (Fig.  2A).  A  high  spawning  probabil¬ 
ity  is  also  estimated  in  May  for  1994-2017.  During  the 
months  of  high  spawning  probability,  the  95%  credible 
intervals  rarely  extended  below  the  threshold  GSI  val¬ 
ue  of  1.0.  Additionally,  the  reproductive  season  extend¬ 
ed  from  April  to  September  for  1995  through  2017,  and 
a  25-50%  probability  of  spawning  was  estimated  for 
these  months  (Fig.  2A).  The  estimated  probability  of 
spawning  was  <10%  between  November  and  February 
and  the  95%  credible  intervals  were  larger,  likely  be¬ 
cause  of  limited  data  during  these  months.  There  was  a 
low  probability  of  spawning  ( <25%)  during  March  and 
October  in  some  years,  although  limited  data  collection 
lends  uncertainty  to  these  estimates,  particularly  for 
collections  in  March. 

The  estimated  spawning  season  based  on  GSI  val¬ 
ues  >1  remained  relatively  constant  from  1994  through 
2017;  the  average  duration  was  4.54  months  (Fig.  2B). 
The  spawning  season  was  shorter  from  1991  through 
1993  (average  2.59  months),  and  longest  in  2001  (6.03 
months).  However,  variability  within  the  data  and  the 
lack  of  data  during  most  of  the  colder  months  (i.e.,  No- 
vember-March)  could  result  in  less  precise  estimates  of 
spawning  season  duration. 

Spawning  interval 

Mean  spawning  interval  varied  among  studies  and  by 
method.  No  data  were  available  from  2003  through 
2008  and  therefore  models  are  not  presented  for  these 
years.  In  the  northeastern  GOM,  spawning  interval 
varied  from  1.5  days  (August  2011)  to  4.5  days  (April 
2011)  (overall  mean  (±SE):  3.18  ±0.26  with  the  OM 
method,  whereas  spawning  interval  estimated  with 
the  POF  method  varied  from  1.0  days  (July  2011) 
to  35  days  (2009)  (overall  mean:  6.57  ±2.45).  In  the 
northwestern  GOM,  spawning  interval  varied  from  1.7 
days  (September  2011)  to  16  days  (April  2011)  (over¬ 
all  mean:  5.32  ±1.01)  for  the  OM  method,  whereas  the 
spawning  interval  estimated  with  the  POF  method  var¬ 
ied  from  1.4  days  (July  2011)  to  8.1  days  (2009)  (overall 
mean:  4.66  ±0.81).  Data  from  some  studies  suggest  red 
snapper  are  capable  of  spawning  daily  (i.e.,  spawning 
interval=l).  Histological  evidence  of  actively  spawning 
red  snapper  with  POF  <  24  h  (Fig.  3)  confirms  that  at 
least  some  individuals  are  capable  of  daily  spawning, 
although  this  was  not  reported  for  fish  collected  before 
2000. 

Minimal  increases  in  spawning  interval  were  esti¬ 
mated  between  1991  and  2017  for  the  northern  GOM 
with  both  methods  when  data  from  the  eastern  and 
western  regions  were  combined  (Fig.  4,  A  and  D;  2. 4-2. 9 
d  with  the  OM  method,  1.9-2. 3  d  with  the  POF  meth¬ 
od),  although  there  was  greater  uncertainty  with  the 
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Figure  2 

Spawning  seasonality  of  northern  Gulf  of  Mexico  female  red  snapper  (Lutjanus  campecha- 
nus),  estimated  from  a  monthly  Gonadosomatic  Index  (GSI).  (Al  Colored  lines  show  esti¬ 
mated  monthly  GSI,  including  50%  and  95%  credible  intervals.  These  time  series  predic¬ 
tions  were  estimated  from  GSI  data  across  multiple  studies  from  1991  through  2002  and 
from  2009  through  2017.  Each  x  represents  the  mean  GSI  value  of  a  study  at  a  particular 
month  and  year.  The  number  of  individual  GSI  measurements  used  to  calculate  these 
means  is  indicated  by  the  gradation  of  darkness  of  the  x’s.  Red  snapper  are  considered 
reproductively  active  when  GSI  >  1  (dotted  line),  and  the  time  series  line  color  indicates 
the  estimated  probability  of  spawning.  The  y  axis  is  presented  as  a  back-transformed  log2 
scale.  (B)  The  estimated  number  of  months  with  reproductively  active  female  red  snapper. 


Brown-Peterson  et  al. :  Meta-analysis  of  reproductive  parameters  of  Lut/anus  campechanus  in  the  Gulf  of  Mexico 


43 


Figure  3 

Photomicrograph  of  ovarian  tissue  from  a  female  red  snapper  ( Lutja - 
nus  campechanus )  in  the  actively  spawning  reproductive  subphase  with 
24-h  postovulatory  follicles  (POFs)  that  show  evidence  of  daily  spawning. 
OM=oocytes  undergoing  oocyte  maturation. 


POF  method.  In  contrast,  spawning  interval  differed 
with  the  OM  method  when  regions  were  considered 
separately.  Although  spawning  interval  remained  sta¬ 
ble  in  the  northeastern  GOM  with  a  median  estimated 
value  of  2.30  days  in  1991  to  2.37  days  in  2017,  the 
median  estimate  for  the  northwestern  GOM  increased 
from  2.3  days  in  1992  to  4.7  days  in  2015  (Fig.  4,  B 
and  C).  Additionally,  estimations  of  spawning  interval 
for  the  northwestern  region  showed  more  uncertainty 
because  the  upper  95%  credible  intervals  were  larger 
than  those  for  the  northeastern  region,  particularly 
from  2009  through  2015  (excluding  missing  data  from 
2003  through  2008).  In  contrast,  spawning  interval  re¬ 
mained  relatively  stable  across  time  in  both  regions 
with  the  POF  method  (Fig.  4,  E  and  F),  but  the  north¬ 
east  region  had  slightly  higher  estimated  values  for 
spawning  interval  (median  estimated  spawning  inter¬ 
val:  northeastern=2.2-2.4  days,  1991-2017;  northwest¬ 
ern^. 0-1. 9  days,  1992-2015).  Both  regions  showed 
higher  uncertainty  from  1999  through  2010  (excluding 
missing  data  from  2003  through  2008),  but  the  upper 
95%  credible  intervals  were  larger  in  the  northeastern 
region.  However,  it  should  be  noted  that  mean  spawn¬ 
ing  interval  estimates  (Fig.  4,  horizontal  lines)  are  less 
precise  when  individual  study-level  spawning  interval 
values  are  large.  Large  spawning  interval  values  are 
inherently  more  uncertain  because  they  correspond 
with  a  very  low  proportion  of  individuals  spawning  at 
any  given  time,  which  can  occur  in  studies  with  small 
sample  sizes  or  with  sample  collections  focused  either 


early  or  late  in  the  spawning  season.  Thus,  even  a 
small  amount  of  variation  is  greatly  magnified  when 
spawning  interval  is  calculated  (e.g.,  2009  POF  data 
and  2010  OM  data). 

Batch  fecundity 

Individual  RBF  values  varied  greatly  within  all  studies. 
Values  ranged  from  0.179  eggs/g  ovary-free  body  weight 
in  1994  to  394.0  eggs/g  ovary-free  body  weight  in  2013 
in  the  northeastern  GOM  and  0.048  eggs/g  ovary-free 
body  weight  in  1998  to  557.39  eggs/g  ovary-free  body 
weight  in  2001  in  the  northwestern  GOM.  Some  of  this 
variation  was  likely  due  to  including  RBF  values  col¬ 
lected  from  all  months  of  the  spawning  season,  includ¬ 
ing  the  beginning  (April)  and  ending  (September)  of  the 
spawning  season.  Despite  the  wide  variation  in  individ¬ 
ual  RBF  values  the  model  is  moderately  robust  to  outli¬ 
ers,  which  can  be  seen  in  the  relatively  narrow  credible 
intervals  (Fig.  5).  There  were  no  RBF  data  available 
from  the  northeastern  GOM  during  2005-2006  (2003- 
2008  for  the  northwestern  GOM),  and  therefore  those 
years  are  not  included  in  the  model. 

Relative  batch  fecundity  showed  a  trend  of  decreas¬ 
ing  values  over  time,  particularly  after  2012  (Fig.  5). 
Estimated  mean  (50%  confidence  interval  [lower-upper 
as  25%  and  75%  Cl])  RBF  values  for  regions  combined 
were  initially  58.0  (45.8-71.4)  eggs/g  ovary-free  body 
weight  in  1991,  increased  to  83.8  (74.4-93.5)  eggs/g 
ovary-free  body  weight  in  2001,  then  decreased  to 


44 


Fishery  Bulletin  117(1-2) 


Year 


Figure  4 

Estimated  red  snapper  ( Lutjanus  campechanus )  spawning  interval  from  1991  through  2002  and  2009  through  2017  in 
the  northern  Gulf  of  Mexico  (GOM),  calculated  on  the  basis  of  evidence  of  oocyte  maturation  (OM,  panels  A,  B,  C)  and 
postovulatory  follicles  (POFs,  panels  D,  E,  F).  Spawning  interval  estimates  for  each  study  each  year  are  indicated  by 
black  (northeastern  GOM)  or  green  (northwestern  GOM)  points  with  50%  (thick  line)  and  95%  (thin  line)  credible  in¬ 
tervals.  Time  series  were  estimated  for  combined  regions  (panels  A,  D)  or  separately  in  the  northeast  (panels  B,  E)  and 
northwest  (panels  C,  F).  The  horizontal  solid  line  in  each  panel  indicates  the  annual  time  series  trend  and  the  dashed 
lines  show  the  50%  and  95%  credible  intervals.  Extreme  credible  interval  values  are  indicated  by  arrows.  Note  the  dif¬ 
ference  in  scale  of  the  Y  axis  in  graph  B.  The  inset  in  graph  A  clarifies  spawning  interval  estimates  from  1999  through 
2001  because  of  the  large  number  of  studies  during  those  years.  The  insets  in  graphs  D  and  E  are  study  level  spawning 
interval  values  that  exceed  the  y-axis  scale. 


35.7  (29.1-43.1)  eggs/g  ovary-free  body  weight  in  2017 
(Fig.  5A).  When  regions  were  considered  separately, 
RBF  showed  more  modest  changes  in  the  northeast¬ 
ern  region  where  estimated  values  changed  from  70.7 
(58.8-84.1)  eggs/g  ovary-free  body  weight  in  1991  to 
85.3  (75.0-97.4)  eggs/g  ovary-free  body  weight  in  2000 
and  then  decreased  to  51.4  (41.1-62.9)  eggs/g  ovary- 
free  body  weight  in  2017  (Fig.  5B).  In  contrast,  RBF 
varied  substantially  in  the  northwestern  region,  shift¬ 
ing  from  33.6  (21.3-50.0)  eggs/g  ovary-free  body  weight 
in  1994  to  a  high  of  84.7  (68.2-103.3)  eggs/g  ovary-free 
body  weight  body  weight  in  2001  and  then  decreasing 
to  32.0  (25.8-39.2)  eggs/g  ovary-free  body  weight  in 
2015  (Fig.  50.  Because  data  from  the  northwestern 
GOM  were  available  only  between  1994  and  2015,  an¬ 
nual  estimates  cover  a  smaller  range. 

Discussion 

As  a  result  of  management-based  recovery,  red  snapper 
abundance  in  the  GOM  has  increased  rapidly  in  recent 


years  (Cass-Calay  et  al.,  2015,  SEDAR  52,  2018).  Given 
this  increasing  abundance,  and  in  particular  the  likeli¬ 
hood  of  the  age  structure  of  the  stock  becoming  less 
truncated,  Porch  et  al.  (2015)  and  Kulaw  et  al.  (2017) 
commented  on  the  need  to  monitor  red  snapper  repro¬ 
ductive  traits  over  time.  Regarding  reproduction,  two 
competing  conditions  may  occur  as  a  stock  rebuilds. 
The  first  condition  is  an  increase  in  abundance  of  older 
ages,  which  may  lead  to  increased  population-level  egg 
production  because  red  snapper  reproductive  metrics 
(e.g.,  batch  fecundity,  spawning  frequency,  and  spawn¬ 
ing  season  duration)  all  increase  with  size  and  age 
(Fitzhugh  et  al.,  2012b;  Lowerre-Barbieri  et  al.,  2015; 
Porch  et  al.,  2015).  For  many  species,  increasing  age  of 
mothers  is  also  positively  associated  with  egg  and  lar¬ 
val  survival  (Hixon  et  al.,  2014)  and  there  is  evidence 
of  a  link  between  nutrition  of  reproductive  females  and 
egg  and  larval  quality  in  red  snapper  (Papanikos  et 
al.,  2003,  Bardon-Albaret  and  Saillant,  2017).  There¬ 
fore,  the  age  structure  of  recovering  fish  populations  is 
an  important  management  concern  (Hixon  et  al.,  2014, 
Barnett  et  al.,  2017).  A  second  condition,  however,  is 
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Figure  5 

Estimated  red  snapper  ( Lutjanus  campechanus )  relative  batch  fecundity  (number  eggs/g 
ovary-free  body  weight,  OFBW)  from  1991  through  2004  and  2007  through  2017  in  the 
northern  Gulf  of  Mexico  (GOM).  Individual  relative  batch  fecundity  values  are  represented 
by  circles  (northeastern  GOM)  and  triangles  (northwestern  GOM).  The  solid  line  indicates 
the  annual  trend  with  the  dashed  lines  showing  the  50%  and  95%  credible  intervals.  The 
trend  was  estimated  for  regions  combined  (graph  A)  and  separately  for  the  northeast  (graph 
B)  and  northwest  (graph  C).  Extreme  values  are  indicated  by  arrows  in  the  region-specific 
panels  but  are  omitted  from  the  combined-region  plot  for  visual  clarity. 


that  there  is  an  overall  reduction  in  surplus  energy  for 
growth  and  reproduction  as  the  population  increases 
(McBride  et  al.,  2015,  Porch  et  al.,  2015).  Decreases  in 
fecundity  with  increasing  fish  density  have  been  previ¬ 
ously  reported  (Rose  et  al.,  2001,  Forrester  et  al.,  2011, 
Hixon  et  al.,  2012),  and  this  decrease  has  been  hypoth¬ 
esized  to  be  a  function  of  competition,  food  availability, 
or  habitat  availability.  Thus  density-dependence  pre¬ 
dicts  a  compensatory  response  wherein  egg  production 
may  decline  as  population  increases  (Rose  et  al.,  2001, 
Kulaw  et  al.,  2017),  possibly  reflecting  reproductive 
tradeoffs.  Both  conditions  must  be  considered  in  order 
to  track  stock  productivity  over  time  (Trippel,  1995, 
Rose  et  al.,  2001). 

Our  temporal  meta-analysis  models  provide  a 
unique  approach  to  understanding  potential  changes  in 
female  red  snapper  reproductive  parameters  over  a  27- 
year  period.  Although  some  reproductive  parameters 
of  red  snapper,  such  as  female  spawning  fraction  with 
fish  size,  region,  depth,  and  month  (Porch  et  al.,  2015) 


and  variations  in  fecundity  by  habitat  (Karnauskas  et 
al.,  2017)  have  been  previously  modeled,  our  study  is 
the  first  effort  to  use  modeling  to  quantify  decade-level 
changes  in  red  snapper  reproduction.  Both  Porch  et 
al.  (2015)  and  Karnauskas  et  al.  (2017)  explicitly  mod¬ 
eled  an  age-structured  population.  Our  purpose  was 
to  more  fully  evaluate  whether  there  is  evidence  for  a 
compensatory  response  by  examining  key  elements  of 
egg  production  as  represented  by  spawning  interval, 
fecundity,  and  duration  of  spawning  season  (i.e.,  based 
on  the  GSI).  Compensation  can  be  very  difficult  to  de¬ 
tect  from  empirical  field  data  which  often  come  from 
short-term  studies  (Rose  et  al.,  2001).  This  challenge 
prompted  our  focus  on  meta-analysis.  We  examined 
trends  over  27  years  and  based  on  many  separate  stud¬ 
ies,  and  therefore  age  data  were  often  not  available. 
Therefore,  we  modeled  spawning  interval  averaged 
across  multiple  age  classes,  and  the  size-age  effect 
on  fecundity  was  standardized  to  the  degree  possible 
by  examination  of  RBF.  Nor  did  we  explicitly  account 
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for  time-of-year  in  spawning  interval  and  RBF  analy¬ 
ses,  despite  evidence  that  these  parameters  may  vary 
throughout  the  reproductive  season  (Fitzhugh  et  ah, 
2012b,  Lowerre-Barbieri  et  ah,  2015).  However,  most 
studies  commonly  focused  on  reproductive  sampling  for 
these  parameters  during  peak  (summer)  reproductive 
months,  thus  eliminating  some  temporal  variation. 

Our  analyses  indicate  there  was  an  overall  decrease 
in  egg  production  between  1991  and  2017,  a  decrease 
in  RBF,  and  either  no  change  or  an  increase  in  spawn¬ 
ing  interval.  These  differences  were  more  pronounced 
in  the  northwestern  GOM  than  in  the  northeastern 
GOM.  Athough  there  was  a  downward  trend  in  rela¬ 
tive  batch  fecundity  for  the  northeast,  no  substan¬ 
tial  changes  were  estimated.  There  was  no  change  in 
spawning  interval  in  the  northeast,  whereas  an  in¬ 
crease  was  seen  in  the  northwest  when  the  OM  method 
was  used  to  calculate  spawning  interval.  The  lack  of  a 
meaningful  change  in  spawning  interval  values  with 
the  POF  method  was  likely  due  to  large  variations  in 
the  spawning  interval  values  across  months.  Fish  with 
POFs  were  more  infrequently  captured  at  the  begin¬ 
ning  and  ending  of  the  reproductive  season  than  fish 
undergoing  OM,  leading  to  smaller  sample  sizes.  De¬ 
spite  the  duration  of  the  spawning  season  remaining 
relatively  constant  from  1994  through  2017,  a  decrease 
in  total  egg  production  (lower  RBF,  greater  spawning 
interval)  suggests  lower  annual  fecundity  in  the  stock, 
particularly  in  the  northwestern  GOM.  Our  analyses 
suggest  the  potential  of  a  compensatory  reproductive 
effect  may  be  more  evident  in  the  northwestern  GOM. 
This  compensatory  effect  may  correspond  with  stock 
assessment  projections  of  higher  levels  of  spawning 
stock  biomass  and  a  greater  likelihood  of  sustained  re¬ 
covery  in  the  west  (Cass-Calay  et  al.,  2015,  SEDAR  52, 
2018),  resulting  in  increased  fish  density  and  greater 
competition  for  resources  as  discussed  above. 

Differences  in  the  population  structure  of  red  snap¬ 
per  stocks  between  the  eastern  and  western  GOM 
have  been  previously  identified.  The  northwestern 
GOM  shows  evidence  of  greater  numbers  of  older  red 
snapper,  particularly  in  the  last  8-10  years  (Saari  et 
al.,  2014,  Cass-Calay  et  al.,  2015,  Porch  et  al.,  2015, 
Karnauskas  et  al.,  2017,  SEDAR  52,  2018),  as  well  as 
greater  numbers  of  eggs  and  larvae  (Lyczkowki-Shultz 
and  Hanisko,  2007,  Hanisko  et  al.,  2017).  There  is 
also  evidence  of  a  metapopulation  structure  of  north¬ 
ern  GOM  red  snapper;  the  demographic  differences 
between  GOM  regions  are  supported  by  genetic  analy¬ 
sis  (Gold  and  Saillant,  2007,  Puritz  et  al.,  2016).  Pre¬ 
vious  findings  of  differences  in  maturity,  growth,  and 
demographics  between  the  eastern  and  western  GOM 
have  suggested  that  density-dependent  processes  may 
be  occurring  (Fitzhugh  et  al.,  2004,  Jackson  et  al., 
2007,  Saari  et  al.,  2014).  Kulaw  et  al.  (2017)  recently 
reported  more  evidence  of  regional  differences  in  com¬ 
paring  reproductive  traits  from  Alabama  and  Louisiana 
red  snapper  sampled  ~10  years  apart,  and  again  in¬ 
voked  compensation  to  help  explain  these  differences. 
As  with  the  present  study,  they  saw  a  decreased  trend 


in  spawning  frequency  (increased  spawning  interval) 
and  provided  evidence  for  decreased  GSI  and  increas¬ 
ing  age  at  maturity  in  their  northwestern  GOM  study 
area.  Kulaw  et  al.  (2017)  reported  that  a  more  detect¬ 
able  trend  of  declining  reproductive  output  was  evi¬ 
dent  among  younger  females  in  the  west  than  in  the 
east  of  the  Mississippi  River.  However,  Kulaw  et  al. 
(2017)  tempered  their  conclusions  regarding  the  degree 
of  density  dependence  by  age  because  of  their  limited 
sample  size,  and  pointed  to  potential  habitat  factors  in 
partially  explaining  their  results. 

Red  snapper  are  most  commonly  found  associated 
with  underwater  structures,  and  the  type  of  structure 
(i.e.,  habitat)  may  influence  reproduction.  Higher  re¬ 
productive  output  was  found  at  natural  versus  artifi¬ 
cial  habitats  on  the  outer  Louisiana  shelf  area  of  study 
(Glenn  et  al.,  2017,  Kulaw  et  al.,  2017),  although  natu¬ 
ral  and  artificial  reefs  were  at  different  depths  which 
may  confound  the  reported  results.  Red  snapper  in¬ 
habiting  deep  (60-100  m)  artificial  reefs  have  a  longer 
spawning  season  and  a  higher  percentage  of  spawn¬ 
ing-capable  and  actively  spawning  females  than  red 
snapper  at  shallow  ( <20  m)  reefs  (Brown-Peterson  and 
Moncrief2);  these  differences  are  likely  related  to  larger 
fish  captured  at  deeper  depths.  In  contrast,  differences 
in  reproductive  parameters  were  not  seen  among  habi¬ 
tats  in  artificial  and  natural  reefs  in  the  same  depth 
zone  off  Texas  (Downey  et  al.,  2018).  High  densities  of 
young  red  snapper  are  particularly  common  on  artifi¬ 
cial  structures,  such  as  oil  platforms  and  small  artifi¬ 
cial  reefs,  although  these  structures  represent  only  a 
fraction  of  the  area  in  the  northern  GOM  (Karnauskas 
et  al.,  2017).  The  majority  of  the  data  since  2012  used 
in  the  analyses  in  the  present  study  have  been  from 
artificial  structures.  Therefore,  we  cannot  reject  the 
possibility  that  age  and  habitat  may  be  confounding 
influences  in  our  results,  but  we  examined  red  snapper 
from  a  wider  geographic  area  and  longer  time  period 
than  those  of  previous  studies. 

Although  we  were  unable  to  model  regional  dif¬ 
ferences  in  spawning  seasonality,  it  is  clear  from  our 
analysis  that  the  peak  spawning  time  for  red  snapper 
in  the  northern  GOM  of  June  through  August  has  re¬ 
mained  relatively  constant  over  the  27-year  period  ex¬ 
amined.  This  peak  spawning  period  is  well  supported 
in  the  literature  (Render,  1995;  Collins  et  al.,  1996; 
Fitzhugh  et  al.,  2004).  Our  analysis  suggests  May  is 
also  a  peak  spawning  month  since  1994,  which  is  cor¬ 
roborated  by  back  calculated  spawning  dates  of  juve¬ 
nile  red  snapper  in  1995  (Szedlmayer  and  Conti,  1999). 
In  addition,  spawning  capable  female  red  snapper  have 
been  recently  reported  from  April,  September,  and  ear¬ 
ly  October  (Lowerre-Barbieri  et  al.,  2012;  Fitzhugh  et 
al.,  2012a).  Our  model  used  mean  monthly  GSI  >  1.0 


2  Brown-Peterson,  N.  J.,  and  T.  D.  Moncrief.  2017.  Does 
depth  influence  Red  Snapper  reproductive  biology  metrics? 
In  Abstract  book,  2017  Joint  Meetings  of  Ichthyologists  and 
Herpetologists,  Austin,  Texas,  p.  69-70.  Available  from 
website. 
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to  define  reproductively  active  females,  which  does  not 
reflect  the  presence  of  a  few  individual  females  with 
high  GSI  values  in  each  month.  Therefore,  the  major¬ 
ity  of  the  population  was  likely  not  reproductively  ac¬ 
tive  in  April,  September,  and  October,  thus  leading  to 
a  monthly  mean  GSI  <  1.0.  Furthermore,  our  spawning 
duration  estimates  cannot  account  for  half  months  (i.e., 
for  a  decrease  in  GSI  in  the  second  half  of  a  month), 
and  may  thus  result  in  a  slight  underestimation  of 
spawning  season  duration.  However,  we  do  estimate 
a  4.5-month  duration  of  the  spawning  season  since 
1994,  which  likely  corresponds  to  a  May  through  mid- 
September  spawning  season.  An  additional  challenge 
in  modeling  spawning  seasonality  is  the  fact  that  GSI 
reflects  proportion  data,  which  can  result  in  skewed 
model  results.  Finally,  temperature  is  an  important 
regulator  of  spawning  seasonality,  particularly  at  the 
beginning  of  the  reproductive  season  (Brown-Peterson 
et  al.,  2002).  Incorporation  of  a  temperature  compo¬ 
nent  into  future  models  of  spawning  seasonality  may 
increase  the  robustness  of  the  seasonal  estimates.  An 
understanding  of  the  duration  of  the  spawning  season, 
as  well  as  how  it  may  vary  across  time  and  with  age  is 
important  for  the  most  accurate  determinations  of  age 
and  size  at  sexual  maturity,  spawning  frequency,  and 
annual  fecundity,  which  are  all  important  metrics  for 
optimal  management  of  red  snapper  stocks. 

The  estimated  decline  in  red  snapper  reproductive 
parameters  from  1991  through  2017  may  raise  concern 
for  the  continued  recovery  of  the  red  snapper  popula¬ 
tion,  particularly  in  the  northwestern  GOM.  However 
our  results  are  primarily  based  upon  reproductive 
samples  from  young  females  (<  age  6),  similar  to  those 
from  other  studies  (Porch  et  al.,  2015;  Glenn  et  al.; 
2017,  Karnauskas  et  al.;  2017;  Kulaw  et  al.,  2017).  Ku- 
law  et  al.  (2017)  suggest  that  reductions  in  reproduc¬ 
tive  output  of  young  females  may  be  more  than  offset 
by  increasing  contributions  from  older  females.  Unfor¬ 
tunately,  older  age  females  (e.g.  >  age  9)  are  uncom¬ 
mon  among  reproductive  studies  despite  estimates  that 
show  that  peak  per-capita  reproductive  output  occurs 
around  age  14  (Porch,  2007;  Porch  et  al.,  2015;  Ku¬ 
law  et  al.,  2017).  Owing  to  the  economic  importance  of 
GOM  red  snapper,  we  expect  sampling  for  reproductive 
metrics  to  continue  and  possibly  increase  over  time.  Al¬ 
though  slow  to  accrue,  reproductive  data  are  being  col¬ 
lected  from  older  females.  The  increasing  abundance 
of  older  red  snapper,  particularly  in  the  northwestern 
GOM  (Porch  et  al.,  2015,  Karanauskas  et  al.,  2017, 
Table  2.24  in  SEDAR  52,  2018),  suggests  a  changing 
population  structure  that  has  likely  been  aided  by 
management  regulations  to  reduce  fishing  pressure. 
Ultimately  we  do  want  to  account  for  age-based  effects 
of  reproductive  compensation  and  recommend  modeling 
the  sensitivity  of  compensation  in  predictions  of  stock 
status  as  discussed  by  Rose  et  al.  (2001).  Density-de¬ 
pendent  reproductive  compensation,  if  it  exists,  has  im¬ 
portant  management  implications  because  reproductive 
productivity  is  the  basis  for  stock  assessment  projec¬ 
tions  and  reference  points  (Rose  et  al.,  2001,  Porch  et 


al.,  2015).  Continued  monitoring  and  analysis  of  repro¬ 
ductive  attributes  over  the  long  term,  such  as  those 
presented  here,  will  provide  insights  into  red  snapper 
biology  and  stock  condition. 
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Abstract — Age  underestimation 
of  many  shark  species,  such  as 
the  sandbar  shark  ( Carcharhinus 
plumbeus),  has  been  proven  with 
age  validation  methods  including 
bomb  radiocarbon  dating,  oxytet- 
racycline  (OTC)  injection,  and  tag- 
recapture  data.  Validation  studies 
indicate  that  band-pair  deposition 
in  vertebral  centra  may  not  be  di¬ 
rectly  related  to  time,  especially  in 
older  individuals  of  a  species.  In  this 
study,  vertebrae  from  tagged,  OTC- 
injected,  and  recaptured  sandbar 
sharks  were  examined  to  determine 
if  band-pair  deposition  past  the  OTC 
mark  matched  time  at  liberty.  In  6 
of  8  OTC-injected  sharks  at  liberty 
for  >1  year,  band-pair  count  past 
the  OTC  mark  underestimated  time 
at  liberty  by  24-58%.  Additionally, 
growth  rates  derived  from  tag-re¬ 
capture  data  were  slower  than  those 
described  by  previously  published 
vertebral  band-pair  growth  curves 
but  were  similar  to  those  predicted 
by  previous  bomb  radiocarbon  dating 
and  OTC  results  from  this  study.  To¬ 
gether,  the  results  from  these  stud¬ 
ies  indicate  that  modeling  tag-re¬ 
capture  data  may  be  more  accurate 
for  age  determination  in  elasmo- 
branchs  given  that  band-pair  counts 
on  vertebral  centra  do  not  coincide 
with  age  throughout  life.  Analyses 
indicate  that  sandbar  sharks  may 
be  less  productive  than  previously 
understood. 
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Research  has  shown  that  the  rate 
of  vertebral  band-pair  deposition  in 
elasmobranchs  is  variable  and  not 
necessarily  related  to  time  (Harry, 
2018;  Natanson  et  al.,  2018).  At  least 
30%  of  studies  attempting  to  validate 
the  periodicity  of  vertebral  band-pair 
deposition  in  elasmobranchs  in  rela¬ 
tion  to  age  have  shown  that  ages 
were  underestimated  (Harry,  2018). 
Results  from  the  use  of  oxytetracy- 
cline  (OTC)  injection,  tag-recapture 
data,  and  bomb  radiocarbon  dating 
for  validation  indicate  that  band- 
pair  deposition  in  sharks  can  ap¬ 
proximate  time  in  certain  life  stages 
(e.g.,  Campana  et  al.,  2002;  Natan¬ 
son  et  al.,  2002;  Francis  et  al.,  2007; 
Andrews  et  al.,  2011;  Wells  et  al., 
2013;  Hamady  et  al.,  2014;  Passerot- 
ti  et  al.,  2014;  Natanson  and  Skom- 
al,  2015;  Kinney  et  al.,  2016;  Harry, 
2018).  A  change  in  band-pair  deposi¬ 
tion  rate  often  occurs  at  the  approach 
of  maturity,  indicating  that  band- 
pair  deposition  rate  changes  with 
shifts  in  the  growth  rate  associated 
with  energetic  demands  required  by 
a  maturing  fish.  In  some  species, 
such  as  the  Pacific  angel  ( Squatina 


californica)  and  basking  ( Cetorhinus 
maximus)  sharks,  there  is  no  appar¬ 
ent  link  to  time  at  any  life  stage  (Na¬ 
tanson  and  Cailliet,  1990;  Natanson 
et  al.,  2008).  Furthermore,  examina¬ 
tion  of  vertebral  band-pair  counts  in 
relationship  to  vertebral  and  somatic 
growth  in  7  elasmobranch  species 
has  revealed  a  relationship  between 
body  girth  and  band-pair  deposition. 
This  finding  indicates  that,  although 
there  may  be  a  coincidental  link  to 
time  in  band-pair  deposition,  band- 
pair  deposition  is  more  likely  related 
to  vertebra]  structure  (Natanson  et 
al.,  2018).  The  results  of  all  of  these 
studies  reemphasize  the  importance 
of  direct  validation  of  all  sizes  of  a 
species  (Beamish  and  McFarlane, 
1983). 

The  sandbar  shark  (Carcharhinus 
plumbeus )  is  a  common  coastal  car- 
charhinid  that  is  widely  distributed 
in  the  world’s  oceans  (Ebert  et  al., 
2013).  In  the  western  North  Atlantic 
Ocean,  the  sandbar  shark  is  distrib¬ 
uted  from  southern  Massachusetts  to 
Florida,  into  the  Gulf  of  Mexico,  and 
to  southern  Brazil  (Castro,  2011). 
This  shark  has  been  the  primary 
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target  species  of  the  bottom  longline  fishery  for  coastal 
sharks  since  the  1980s  (NMFS,  1993).  In  2007,  amend¬ 
ments  to  the  Consolidated  Atlantic  Highly  Migratory 
Species  Fisheries  Management  Plan  limited  the  take  of 
the  sandbar  shark  to  a  research  fishery  with  the  intent 
to  collect  life-history  and  catch  data  (NMFS,  2007). 
Since  the  implementation  of  this  research  fishery,  col¬ 
lected  vertebral  samples  have  been  used  for  age  and 
growth  analysis  for  the  stock  assessment  of  this  species 
(SEDAR,  2011,  2017). 

Discrepancies  exist  among  the  previously  published 
age  and  growth  studies  on  sandbar  sharks,  largely  be¬ 
cause  of  lack  of  validation  of  band-pair  periodicity  in 
the  early  vertebral  studies  (Casey  et  al.,  1985;  Casey 
and  Natanson,  1992;  Sminkey  and  Musick,  1995;  An¬ 
drews  et  al.,  2011;  Hale  and  Baremore,  2013;  Romine 
et  al.,  2013).  Both  growth  curves  generated  in  models 
from  tag-recapture  data  and  results  from  bomb  radio¬ 
carbon  analyses  suggest  slower  growth  and  a  longer 
lifespan  than  that  estimated  by  using  band-pair  counts 
on  vertebral  centra  (Casey  and  Natanson,  1992;  An¬ 
drews  et  al.,  2011).  Additionally,  results  from  the  bomb 
radiocarbon  technique  indicate  that  band-pair  counts 
approximated  annual  deposition  only  until  10-12  years 
of  age  (Andrews  et  al.,  2011). 

We  report  on  a  long-term  field  study  undertaken  by 
the  National  Marine  Fisheries  Service’s  Cooperative 
Shark  Tagging  Program  to  validate  the  band-pair  peri¬ 
odicity  of  the  sandbar  shark  in  the  western  North  At¬ 
lantic  Ocean.  Results  from  recaptured  sandbar  sharks 
that  were  tagged  and  injected  with  OTC  between  1985 
and  2017  are  presented  and  compared  with  results 
from  previous  studies.  We  also  updated  the  tag-re- 
capture  growth  curve  of  sandbar  sharks  generated  by 
Casey  and  Natanson  (1992)  to  refine  growth  estimates. 

Materials  and  methods 

The  Cooperative  Shark  Tagging  Program  tagged  39,405 
and  recaptured  1603  sandbar  sharks  between  1962  and 
2017.  Data  recorded  at  tagging  and  recapture  included 
size  (fork  length,  total  length,  or  weight),  sex,  location, 
and  date;  these  data  are  referred  to  as  tag-recapture 
data  for  the  remainder  of  this  paper.  Sharks  were 
tagged  and  recaptured  by  biologists,  fisheries  observ¬ 
ers,  and  commercial  and  recreational  fishermen  in  the 
United  States.  Sharks  tagged  for  age  validation  stud¬ 
ies  were  injected  with  a  dose  of  OTC  (25  mg  per  1  kg 
of  body  weight),  primarily  by  biologists  on  research 
vessels,  and  precisely  measured  before  release.  Only 
vertebrae  from  sharks  with  a  reliably  measured  fork 
length  (FL,  from  the  tip  of  the  snout  to  the  fork  in  the 
tail,  over  the  body)  or  total  length  (TL,  from  the  tip 
of  the  snout  to  a  point  on  the  horizontal  axis  inter¬ 
secting  a  perpendicular  line  extending  downward  from 
the  tip  of  the  upper  caudal  lobe  to  form  a  right  angle, 
over  the  body;  Kohler  et  al.,  1996)  at  both  tagging  and 
recapture  were  used  in  this  study.  We  determined  the 
reliability  of  measurement  data  on  the  basis  of  prior 


knowledge  of  the  individual  measuring  the  shark  or  de¬ 
tailed  questioning  of  those  individuals  as  to  the  method 
used.  Measurements  were  converted  to  over-the-body 
FL,  when  necessary,  by  using  the  following  equation 
(Kohler  et  al.,  1996;  n= 3734;  coefficient  of  determina¬ 
tion  [r2]=0.9933): 

FL  =  0.8175CTL)  +  2.5676.  (1) 

Processing  of  vertebrae 

For  each  shark,  multiple  vertebrae  were  removed  from 
the  area  just  posterior  to  the  branchial  chamber  wher¬ 
ever  possible;  vertebrae  were  obtained  closer  to  the 
head  when  sampling  occurred  onboard  commercial  ves¬ 
sels.  We  acknowledge  that  vertebral  centra  from  dif¬ 
ferent  parts  of  the  vertebral  column  in  carcharhinids 
have  been  shown  to  have  varying  band-pair  counts 
associated  with  vertebral  size  (Natanson  et  al.,  2018). 
Preliminary  data  show  that,  for  sandbar  sharks  in  the 
size  range  used  in  this  study,  band-pair  count  will  be 
consistent  along  the  vertebral  column,  allowing  us  to 
use  vertebra  from  differing  parts  of  the  body  (senior 
author,  unpubl.  data).  All  vertebrae  processed  for  band- 
pair  counts  were  stored  frozen  or  in  70%  ethyl  alcohol 
in  the  dark  until  processing.  Individual  vertebrae  were 
sectioned  laterally  through  the  focus  by  using  gross 
sectioning  (Natanson  et  al.,  2006). 

Validation  with  oxytetracycline  marking 

The  accuracy  of  vertebral  band-pair  counts  for  use  as 
annual  indicators  of  growth  was  determined  by  using 
individuals  that  were  recaptured  after  they  were  in¬ 
jected  with  OTC,  tagged,  and  released.  Between  1985 
and  2017,  7556  tagged  sandbar  sharks  were  injected 
with  OTC,  and  data  from  279  sharks  (3.7%)  were  re¬ 
turned  by  2017.  Vertebrae  obtained  from  12  of  these  re¬ 
captured  sandbar  sharks  were  examined.  Two  pictures 
of  each  section,  in  the  identical  position,  were  taken 
by  using  1)  reflected  white  light  for  band-pair  counts 
and  2)  reflected  long-wave  UV  light  (366  nm)  with  the 
exposure  increased  to  20  s  to  obtain  images  of  the  OTC 
mark.  Images  were  taken  with  a  Nikon  DSR121  digi¬ 
tal  camera  (Nikon  Corp.,  Tokyo,  Japan)  attached  to  a 
Nikon  SMZ1500  stereo  microscope  (Nikon  Instruments, 
Inc.,  Melville,  NY).  Magnification  varied  with  the  size 
of  the  section,  and  a  scale  was  included  in  each  photo. 

Band  pairs  (consisting  of  one  opaque  and  one  trans¬ 
lucent  band;  Casey  et  al.,  1985)  were  counted  and 
marked  independently  by  2  experienced  age  readers 
using  image  editing  software  (Adobe  Photoshop  Ele¬ 
ments  6,  Adobe,  Inc.,  San  Jose,  CA).  Each  band  pair 
was  marked  on  an  individual  layer  in  Adobe  Photoshop 
by  the  readers  following  Natanson  et  al.  (2018),  and 
each  layer  was  considered  a  count.  Once  the  readers 


1  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 

tification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


52 


Fishery  Bulletin  1 1  7(1-2) 


Table  1 

Tag-recapture  data  and  vertebral  band-pair  counts  for  12  recaptured  sandbar  sharks  ( Carcharhinus  plumbeus )  injected  with 
oxytetracycline  (OTC)  and  tagged  between  1983  and  2009  in  the  western  North  Atlantic  Ocean.  The  relationship  between 
years  at  liberty  (YAL)  and  counts  of  vertebral  band  pairs  (BP)  is  included  (BP-YAL).  An  asterisk  (*)  indicates  an  estimated 
length.  The  last  4  sharks  were  either  at  liberty  for  less  than  1  year  or  had  no  visible  OTC  mark  and  were  not  included  in 
analysis.  TFL=fork  length  at  tagging;  RFL=fork  length  at  recapture;  VR=vertebral  radius;  M=mature;  and  UNK=unknown 
sex. 


No.  of  Underestimation 


Specimen 

ID  code 

Sex 

TFL 

(cm) 

RFL 

(cm) 

Date 

tagged 

Date 

recaptured 

YAL 

Growth 

(cm) 

BPs  past 
OTC  mark 

Total  no. 
of  BPs 

BP-YAL 

Maturity 

between  BP 
and  YAL  (%) 

CM1025 

F 

119 

159 

5/16/2001 

6/28/2017 

16.12 

40 

7.0 

14.0 

-9.12 

M 

56.58 

CM1029 

F 

136 

156 

11/14/2000 

5/26/2010 

9.53 

20 

4.0 

14.0 

-5.53 

UNK 

58.03 

CM1024 

M 

129 

154 

5/2/2009 

5/29/2017 

8.10 

25 

4.0 

13.0 

-4.1 

M 

50.62 

CM945 

F 

68 

150 

10/25/1996 

8/8/2002 

11.77 

82 

9.0 

11.0 

-2.77 

UNK 

23.53 

CM1026 

F 

114 

132 

8/6/1986 

7/29/1993 

6.98 

18 

5.0 

13.0 

-1.98 

UNK 

28.37 

CM867 

M 

115 

134 

5/19/1989 

2/22/1993 

3.76 

19 

2.5 

10.0 

-1.26 

UNK 

33.51 

CM1031 

M 

56 

156 

9/21/1998 

6/4/2014 

15.70 

100 

15.5 

16.0 

-0.20 

M 

CM1027 

F 

85 

147 

8/3/1996 

7/27/2006 

9.98 

62 

10.0 

13.0 

0.02 

UNK 

CM751 

M 

56 

59 

7/31/1983 

9/7/1983 

0.10 

3 

<1 

CM932 

F 

150 

153 

11/14/2000 

3/1/2001 

0.29 

3 

<1 

CM1028 

F 

160 

165* 

4/22/2009 

8/25/2010 

1.34 

5 

No  OTC 

CM  1030 

M 

130* 

153 

5/4/2009 

6/6/2011 

2.01 

23 

No  OTC 

agreed  on  a  final  count,  a  layer  with  the  OTC  mark 
was  superimposed  on  the  consensus  layer.  The  trans¬ 
parency  of  the  OTC  layer  was  decreased  until  the 
marks  on  the  consensus  layer  were  visible. 


ga  =  the  mean  annual  growth  rate  at  arbitrary 
length  a;  and 

gp  =  the  mean  annual  growth  rate  at  the  arbi¬ 
trary  length  p. 


Growth  analysis  with  tag-recapture  data 

Data  from  only  those  sharks  at  liberty  for  >1  year  and 
with  a  reliably  measured  body  length  at  both  tagging 
and  recapture  were  used  in  growth  curve  analysis 
(n  =  149).  Parameters  for  the  von  Bertalanffy  growth 
function  from  the  tag-recapture  data  were  generated 
by  using  both  the  Gulland  and  Holt  (1959)  and  GRO- 
TAG  (Francis,  1988)  models  in  R,  vers.  3.5.1  (R  Core 
Team,  2018). 

The  Francis  (1988)  method  (GROTAG)  uses  maxi¬ 
mum  likelihood  techniques  to  estimate  growth  param¬ 
eters  and  variability  from  tagging  data.  A  coefficient 
of  variation  of  growth  variability  ( v ),  the  mean  and 
standard  deviation  of  measurement  errors  (s=standard 
deviation  of  measurement  error),  and  outlier  contami¬ 
nation  ip)  are  estimated  as  well  as  growth  rates  at  2 
user-selected  lengths  (a  and  P).  The  reference  lengths, 
a  and  P,  were  chosen  to  lie  within  the  range  of  tagged 
individuals.  The  form  of  the  von  Bertalanffy  equation 
becomes 


fig«-qgP 

S  a  ~  §  p 


1  + 

a-P 


\AT 


where  Lx  =  the  length  at  tagging; 

A L  =  the  increment  in  length; 
AT  =  the  increment  in  time; 


(2) 


Mean  annual  growth  rates  for  the  GROTAG  model 
were  estimated  at  60  and  160  cm  FL  to  represent  the 
size  ranges  of  the  sandbar  shark.  The  simplest  model, 
a  linear  fit  with  minimal  parameters  (a  and  s),  was 
used  initially,  with  additional  parameters  added  to 
successively  increase  model  complexity.  Significant  im¬ 
provement  in  the  model  results  was  achieved  by  using 
log-likelihood  ratio  tests  (Francis,  1988).  The  model 
searches  for  the  set  of  parameters  that  maximize  the 
log-likelihood  ratio  (X).  The  introduction  of  additional 
parameters  must  increase  X  by  1.92  to  be  significant 
(P<0.05)  (Francis,  1988). 

The  value  of  the  theoretical  age  at  which  a  fish 
would  have  zero  length  (f0)  cannot  be  estimated  from 
tagging  data  alone;  rather,  it  requires  an  estimate  of 
absolute  size  at  age,  such  as  size  at  birth.  We  calcu¬ 
lated  t0  with  the  von  Bertalanffy  growth  function  (von 
Bertalanffy,  1939)  by  using  the  following  equation: 

to  —  t  +  (l/^iflnlCZ/oo  —  )],  (3) 

where  Lt  =  known  length  at  age  (size  at  birth); 

L«,  =  mean  asymptotic  fork  length; 
t  =  age;  and 

k  =  a  growth  constant  (per  year). 

The  t0  values  were  calculated  on  the  basis  of  an  aver¬ 
age  size  at  birth  of  47.7  cm  FL  (Casey  et  al.,  1985) 
with  t= 0.  Values  for  and  k  were  calculated  in  the 
tag-recapture  models. 
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Figure  1 

Images  of  sections  of  vertebral  centra  from  2  sandbar 
sharks  (Carcharhinus  plumbeus)  injected  with  oxy- 
tetracycline  (OTC)  and  tagged  in  the  western  North 
Atlantic  Ocean  in  1998  and  1996,  respectively:  (A) 
CM1031,  which  measured  156  cm  in  fork  length  (FL)  at 
recapture  in  2014,  and  (B)  CM1027,  which  was  147  cm 
FL  at  recapture  in  2006.  The  black  line  indicates  the 
location  of  the  OTC  mark,  and  the  black  dots  indicate 
the  band  pairs  visible  past  the  OTC  mark. 


To  directly  compare  validated  age  estimates  at  re¬ 
capture  for  OTC-injected  sharks  to  the  age  estimates 
at  size  obtained  from  the  tag-recapture  models,  age  at 
tagging  had  to  be  assigned  to  each  individual.  Band- 
pair  counts  proximal  to  the  OTC  mark  were  used  to 
assign  age  at  tagging.  Because  counts  of  band  pairs  in 
sandbar  sharks  have  been  validated  as  annual  up  to 
10-12  years  (Branstetter,  1987;  Andrews  et  al.,  2011), 


if  the  band-pair  count  proximal  to  the  OTC  mark  was 
less  than  12,  an  age  at  tagging  could  be  assigned.  Age 
at  recapture  then  was  estimated  by  adding  time  at  lib¬ 
erty  after  tagging  to  count  of  band  pairs  proximal  to 
the  OTC  mark.  For  example,  a  shark  (CM1029)  had  10 
band  pairs  before  the  OTC  mark  and  was  at  liberty  for 
9.5  years,  resulting  in  age  estimates  of  10.0  years  at 
tagging  and  19.5  years  at  recapture.  Then,  estimates 
of  age  at  recapture,  along  with  the  sizes  at  recapture, 
were  compared  with  growth  curves  from  the  GROTAG 
model  from  this  study  and  vertebral  and  tag-recapture 
models  from  previous  studies  (Casey  et  al.,  1985;  Casey 
and  Natanson,  1992).  Numbers  of  band  pairs  past  the 
OTC  mark  were  plotted  against  time  at  liberty  along 
with  a  1:1  line  to  determine  whether  band-pair  counts 
were  annual  after  the  OTC  mark. 


Results 

Validation  with  oxytetracydine  marking 

Times  at  liberty  for  12  recaptured  sharks  that  were 
injected  with  OTC  ranged  from  0.1  to  16.1  years.  Ver¬ 
tebrae  from  10  of  these  specimens  had  a  distinct  OTC 
mark;  2  had  no  visible  mark.  Eight  of  these  10  re¬ 
captured  sharks  were  at  liberty  for  >1  year  (3.8-16.1 
years)  and  were  used  for  validation  analyses  (Table 
1).  The  remaining  2  specimens  were  at  liberty  for  0.1 
and  0.3  years  (38-107  d),  indicating  that  OTC  was 
incorporated  into  the  vertebra  shortly  after  injection 
but  growth  distal  to  the  mark  was  minimal.  The  size 
of  specimens  from  which  vertebrae  were  used  ranged 
from  56  to  136  cm  FL  at  tagging  (Table  1).  One  shark 
(CM1031)  was  tagged  as  a  young  of  the  year;  there¬ 
fore,  it  also  was  considered  to  have  a  known  age  at  tag¬ 
ging  (56  cm  FL).  Assigning  a  date  of  birth  of  1  May  to 
this  sandbar  shark  (Baremore  and  Hale,  2012)  meant 
it  was  ~4  months  old  at  tagging,  and  adding  those  4 
months  to  this  shark’s  15.7  years  at  liberty  resulted  in 
an  estimate  of  16.1  years  for  its  age  at  recapture.  Data 
from  another  known  young-of-the-year  shark  (CM751) 
indicate  that  OTC  was  incorporated  within  a  month; 
therefore,  the  OTC  mark  in  this  animal  was  very  close 
to  the  first  clear  band  pair,  possibly  confirming  Brans- 
tetter’s  (1987)  estimate  that  the  first  band  pair  is  de¬ 
posited  at  6  months  of  age  (Fig.  1). 

Band-pair  count  past  the  OTC  mark  underestimated 
time  at  liberty  from  23.5%  to  58.0%  in  6  of  the  8  recap¬ 
tured  sandbar  sharks  and  validated  annual  deposition 
in  the  remaining  2  individuals  at  liberty  for  >1  year 
(Table  1,  Fig.  2).  Underestimation  of  age  from  the  use 
of  band-pair  count  past  the  OTC  mark  varied  between 
1.3  and  9.1  years.  Although  data  are  limited,  age  un¬ 
derestimation  from  the  use  of  band-pair  counts  does 
not  appear  related  to  sex  because  band-pair  counts  un¬ 
derestimated  ages  for  individuals  of  both  sexes. 

Sandbar  sharks  that  were  smaller  at  tagging  (<100 
cm  FL)  showed  less  deviation  between  band-pair  count 
and  time  at  liberty.  Annual  band-pair  deposition  past 
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5  10  15  21 

Years  at  liberty 

Figure  2 

Relationship  of  time  at  liberty  to  count  of  vertebral  band  pairs 
past  the  mark  from  oxytetracycline  (OTC)  injection  for  the  8 
recaptured  sandbar  sharks  ( Carcharhinus  plumbeus)  used  in 
growth  analysis  for  this  study.  These  sharks  were  tagged  from 
1986  through  2009  in  the  western  North  Atlantic  Ocean.  The 
dashed  line  indicates  the  1:1  relationship. 


the  OTC  mark  was  seen  in  2  of  the  3  smallest  sharks 
(CM1031  and  CM  1027),  and  the  age  of  the  third  shark 
(CM945)  was  underestimated  by  23.5%  (Table  1).  Con¬ 
versely,  the  degree  of  underestimation  was  greater 
for  sharks  that  were  larger  (>129  cm  FL)  at  tagging 
(CM1025,  CM1029,  and  CM1024).  On  the  basis  of  bomb 
radiocarbon  validation  (Andrews  2011),  we  would  ex¬ 
pect  annual  periodicity  to  be  approximately  12  years; 
the  amount  of  time  at  liberty  past  12  years  would  de¬ 
termine  the  amount  of  age  underestimation.  Therefore, 
a  lower  amount  of  age  underestimation  is  expected  be¬ 
cause  of  the  limited  time  of  growth  beyond  12  years 
in  2  sharks  (CM1031  and  CM1027),  which  were  small 
at  tagging  compared  with  the  sharks  at  liberty  for 
the  same  period  of  time  but  tagged  at  a  larger  size 
(CM1025  and  CM  1029).  For  example,  for  1  of  these 
small  sharks  (CM1027),  13  total  band  pairs  were 
counted  and  validated  as  annual,  but  for  2  of  the  large 
sharks  (CM1025  and  CM1029)  counts  of  14  band  pairs 
underestimated  times  at  liberty  by  9.1  and  5.5  years, 
respectively  (Table  1). 

Growth  analysis  with  tag-recapture  data 

Tag-recapture  data  for  149  sandbar  sharks  were  used 
in  the  Gulland  and  Holt  (1959)  and  GROTAG  (Fran¬ 
cis,  1988)  models  for  growth  analysis.  Time  at  liber¬ 
ty  ranged  from  1.0  to  25.0  years,  and  size  at  tagging 
ranged  from  48.0  to  172.8  cm  FL  (Suppl.  Table)  (on¬ 
line  only).  Tagging  was  conducted  in  all  months  except 
December,  with  most  tags  deployed  from  May  through 
August  (/z=101).  These  sharks  were  recaptured  in  all 
months  of  the  year,  with  the  most  sharks  taken  in 


June,  July,  and  August  ( /?  =  2 2  each)  and  the 
lowest  numbers  of  sharks  taken  in  September, 
November,  and  December  (zz=5,  4,  2,  respec¬ 
tively).  The  results  of  the  log-likelihood  ratio 
tests  using  the  GROTAG  model  (Francis,  1988) 
indicate  that  the  more  complex  nonlinear  mod¬ 
el  with  all  6  of  the  parameters  included  was 
the  best  fit  for  these  data  (see  estimates  for 
Model  4  in  Table  2).  The  mean  annual  growth 
rates  were  calculated  at  60  cm  FL  (10.65  cm/ 
year)  and  160  cm  FL  (1.67  cm/year;  Table  2). 
The  fits  failed  for  Models  1  and  5  (Table  2). 
We  compared  results  for  parameters  of  the 
von  Bertalanffy  growth  function:  estimates  of 
L„  were  higher  and  estimates  of  k  were  lower 
from  the  Gulland  and  Holt  (1959)  model  than 
from  the  GROTAG  model  (Francis,  1988).  In 
addition,  although  the  growth  curves  from 
these  2  models  look  similar  up  to  approximate¬ 
ly  age  20,  the  Gulland  and  Holt  (1965)  model 
produces  a  curve  with  slightly  higher  length- 
at-age  estimates  past  this  age  (Table  3,  Fig. 
2).  The  ages  validated  with  bomb  radiocarbon 
dating  for  sharks  in  Andrews  et  al.  (2011)  and 
the  known  ages  for  OTC-injected  sharks  in  this 
study  follow  the  updated  growth  curves  based 
on  current  tag-recapture  data,  rather  than  the 
growth  curve  based  on  previously  published  vertebral 
band-pair  count  data  (Fig.  3). 

Discussion 

In  view  of  current  knowledge  that  using  vertebral  cen¬ 
tra  age  estimates  in  larger  sharks  is  not  correct  (Harry, 
2018;  Natanson  et  al.,  2018),  it  is  clear  that  growth 
models  when  used  with  extensive  tag-recapture  data 
can  provide  more  accurate  age  estimates.  As  shown  in 
this  study,  sharks  with  validated  ages,  such  as  those 
from  OTC  marking  in  this  study  and  bomb  radiocar¬ 
bon  dating  (Andrews  et  al.,  2011),  are  more  closely 
aligned  with  tag-recapture-based  growth  curves  than 
growth  curves  derived  from  vertebral  band-pair  counts. 
Sharks  with  validated  ages  started  to  deviate  from  the 
growth  curves  based  on  vertebral  band-pair  counts  and 
followed  the  growth  curves  based  on  tag-recapture  data 
by  12-16  years,  indicating  that,  by  this  range  of  ages, 
variation  among  individual  sharks  in  rate  of  band-pair 
deposition  was  possibly  related  to  growth  rate  during 
the  maturation  process  (Fig.  3). 

Determination  of  age  in  elasmobranchs  from  band- 
pair  counts  on  vertebral  centra  has  relied  on  the  ca¬ 
veat  that  each  band  pair  represents  a  year.  However, 
in  75%  of  the  vertebrae  from  specimens  in  this  study, 
it  has  been  shown  that  the  band  pairs  are  not  annual 
throughout  life;  band-pair  counts  underestimate  age  in 
these  specimens.  The  2  sharks  that  exhibited  annual 
band-pair  deposition  were  both  tagged  at  smaller  sizes; 
on  the  sample  from  the  smallest  individual,  the  OTC 
mark  was  seen  just  past  the  birth  band,  but,  on  the 
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Table  2 

Log-likelihood  ratio  values  and  estimates  of  von  Bertalanffy  growth  function  param¬ 
eters  for  5  versions  of  the  GROTAG  model  (Francis,  1988)  fitted  to  tagging  data  for  149 
sandbar  sharks  tagged  between  1965  and  2013  in  the  western  North  Atlantic  Ocean. 
The  mean  annual  growth  rates  were  calculated  at  60  cm  FL  and  160  cm  FL,  and 
standard  errors  of  the  mean  (SEs)  are  given.  For  each  version  of  the  model,  a  param¬ 
eter  was  added.  For  a  significant  (P< 0.05)  improvement  in  fit,  the  introduction  of  one 
extra  parameter  must  increase  the  log-likelihood  function  (k)  by  at  least  1.92  (Fran¬ 
cis,  1988).  An  asterisk  (*)  indicates  fixed  parameters.  There  are  no  data  for  models  1 
and  5  because  of  failed  fits.  AIC=Akaike  information  criterion;  s=standard  deviation 
of  measurement  error;  m=mean  measurement  error;  p= a  contamination  probability. 


Parameter 

Symbol  (unit) 

Model 

1 

2 

3 

4 

5 

Log  likelihood 

1 

-550.3 

-541.1 

-539.1 

AIC 

1108.6 

1092.2 

1094.1 

Mean  growth  rates 

G60  (cm/y) 

14.17 

11.00 

10.65 

SE 

0.86 

Gi6o  (cm/y) 

1.67 

1.67 

1.67 

SE 

0.48 

Growth  variability 

V 

0* 

0.098 

0.166 

0.149 

0* 

Measurement  error 

s  (cm) 

9.260 

8.167 

7.647 

m  (cm) 

0* 

0* 

5.164 

5.288 

0* 

Outliers 

P 

0* 

0* 

0* 

0.022 

larger  individual,  the  OTC  mark  was  at  the  third  band 
pair  past  the  birth  band  (Fig.  1).  The  smaller  of  these 
2  sharks  (CM1031)  was  at  liberty  for  15.7  years,  recap¬ 
tured  at  a  size  of  156  cm  FL,  and  classified  as  mature. 
The  larger  shark  (CM1027),  however,  was  recaptured 
at  a  size  of  147  cm  FL  after  10  years  at  liberty  and, 
on  the  basis  of  size,  likely  immature  (estimated  size  at 
50%  maturity  was  154.9  and  151.6  cm  FL  for  females 
and  males,  respectively;  Baremore  and  Hale,  2012). 
These  2  sharks  had  total  band-pair  counts  of  16  and 
13,  which  are  just  over  the  number  of  band  pairs  at 
which  Andrews  et  al.  (2011)  detected  a  shift  from  an¬ 
nual  to  non-annual  band-pair  deposition  (10-12  years). 

Size  at  both  tagging  and  recapture  appears  to  influ¬ 
ence  the  amount  of  age  underestimation  in  our  OTC 
specimens.  The  percentage  of  time  underestimated  by 
band-pair  counts  (23.5-58.0%)  increased  in  relation 
to  size  at  recapture  and  secondarily  decreased  with 
size  at  tagging,  findings  that  are  consistent  with  the 
conclusion  that  larger  sharks  (approaching  maturity) 
have  slower  growth  and  deposit  fewer  band  pairs  than 
smaller  sharks  (young  of  the  year  and  juveniles).  For 
example,  2  sharks  (CM1027  and  CM1029)  at  liberty  for 
approximately  the  same  time  but  tagged  at  different 
sizes  and,  therefore,  at  different  ages,  had  different 
outcomes  regarding  degree  of  age  underestimation.  In 
examined  vertebral  sections  of  the  smaller  of  these  2 
sharks  (CM  1027),  3  band  pairs  were  visible  before  the 
OTC  mark  and  deposition  of  band  pairs  before  and  af¬ 
ter  the  OTC  mark  was  annual.  This  individual’s  total 
age  at  recapture  was  13.0  years,  close  to  the  age  up 


to  which  band-pair  deposition  has  been  validated  as 
annual  for  the  sandbar  shark  (12  years;  Andrews  et 
al.,  2011).  In  contrast,  the  other  shark  (CM1029)  was 
tagged  at  a  larger  size  and  at  an  estimated  age  of  10.0 
years,  based  on  band-pair  count  before  the  OTC  mark. 
The  estimated  total  age  for  this  shark  was  19.5  years 
at  recapture  (10  band  pairs  +  9.5  years  at  liberty),  past 
the  validated  ages  for  annual  deposition  (10-12  years). 
Band-pair  deposition  in  this  individual  had  slowed; 
therefore,  its  age  was  underestimated. 

Casey  et  al.  (1985)  aged  the  sandbar  shark  using 
vertebral  band-pair  counts  and  tag-recapture  data. 
Their  data  indicated  slower  growth  rates  from  us¬ 
ing  tag-recapture  data  than  from  counting  vertebral 
band  pairs,  leading  them  to  suggest  that  ages  based 
on  vertebral  band-pair  counts  underestimate  true  age. 
These  findings  were  reinforced  by  the  results  of  Casey 
and  Natanson  (1992)  and  Andrews  et  al.  (2011),  who 
used  tag-recapture  data  and  bomb  radiocarbon  dating, 
respectively.  At  the  time  of  these  earlier  studies,  the 
use  of  vertebral  data  was  considered  more  robust  than 
other  methods,  and  age  estimations  based  on  vertebral 
band-pair  counts  were  generally  accepted  over  results 
from  other  methods  of  age  determination.  In  particular, 
the  older  ages  at  maturity  and  longevity  estimated  by 
using  models  with  tag-recapture  data  were  not  consid¬ 
ered  reliable  partly  as  a  result  of  the  low  (often 
estimated  by  using  this  method  because  of  a  lack  of 
large  sharks  reliably  measured  at  tagging  and  recap¬ 
ture),  which  is  highly  linked  to  the  k  value  (von  Ber¬ 
talanffy,  1938). 
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Table  3 


The  von  Bertalanffy  growth  function  parameters  calculated  by  using  tag-recapture  data  in  models  for 
sandbar  sharks  ( Carcharhinus  plumbeus )  tagged  and  recaptured  in  the  western  North  Atlantic  Ocean: 
mean  asymptotic  fork  length  (L„),  growth  constant  ( k ),  and  theoretical  age  at  a  length  of  zero  (f0). 


Study 

Model 

L„ 

k 

to 

72 

This  study 

Gulland  and  Holt  (1959) 

188.4 

0.079 

-3.678 

149 

This  study 

GROTAG  (Francis,  1988) 

178.6 

0.094 

-3.300 

149 

Casey  and  Natanson  (1992) 

Fabens ( 1965) 

186.0 

0.046 

-6.450 

33 

300  n 
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Figure  3 

The  von  Bertalanffy  growth  curves  generated  in  this  study  com¬ 
pared  with  previously  published  curves  for  the  sandbar  shark 
( Carcharhinus  plumbeus).  Estimated  ages  at  recapture  of  oxy- 
tetracycline-injected  sharks  are  included.  The  open  triangles  in¬ 
dicate  ages  validated  with  bomb  radiocarbon  dating  for  4  speci¬ 
mens  from  Andrews  et  al.  (2011).  The  open  square  and  circle 
indicate  the  known  ages  used  in  this  study  for  sandbar  sharks 
tagged  in  1996  (CM1027)  and  1998  (CM  1031)  in  the  western 
North  Atlantic  Ocean.  The  single  asterisk  (*)  indicates  a  growth 
curve  based  on  vertebral  band-pair  counts,  and  the  double  as¬ 
terisks  (**)  indicate  growth  curves  based  on  the  use  of  tag-re¬ 
capture  data. 


Modeling  of  tag-recapture  data  is  provided  as  an 
alternate  method  of  age  determination.  The  growth 
curves  derived  from  modeling  tag-recapture  data  are 
verified  by  the  close  relationship  of  the  estimated  ages 
of  OTC-marked  individuals  to  the  ages  estimated  for 
similarly  sized  fish  by  the  tag-recapture  growth  curves. 
Both  of  the  tag-recapture-derived  models  in  this  study 
output  similar  growth  estimates  to  age  20  and  pre¬ 
dict  higher  k  values  than  growth  estimates  derived  by 
Casey  and  Natanson  (1992),  but  tag-recapture  models 


from  both  studies  underestimate  L„  (maximum 
observed  size:  251  cm  FL;  NMFS2).  We  applied 
the  size  at  50%  maturity  calculated  by  Bare- 
more  and  Hale  (2012),  154.9  and  151.6  cm  FL 
for  females  and  males,  respectively,  to  the  pa¬ 
rameters  we  calculated  by  using  the  GROTAG 
(Francis,  1988)  and  Gulland  and  Holt  (1959) 
models:  results  indicate  that  female  and  male 
sandbar  sharks  reach  50%  maturity  at  an  age 
of  approximately  18  and  17  years,  respectively. 
These  estimates  of  age  at  50%  maturity  are 
higher  than  those  predicted  by  counting  ver¬ 
tebral  band  pairs  (12  and  13  years  for  females 
and  males,  respectively;  Casey  et  al.,  1985) 
and  lower  than  that  predicted  by  using  the 
previous  tag-recapture  data  (nearly  30  years; 
Casey  and  Natanson,  1992). 

Our  findings  corroborate  those  of  other 
studies  on  sandbar  sharks  (Casey  et  al.,  1985; 
Casey  and  Natanson,  1992;  Andrews  et  al., 
2011)  as  well  as  on  a  multitude  of  other  shark 
and  ray  species  (Harry,  2018)  and  support  the 
use  of  modeling  with  tag-recapture  data  as  an  alter¬ 
native  method  of  age  determination.  These  results 
reinforce  the  notion  that  band-pair  deposition 
may  misrepresent  the  age  of  individuals,  pos¬ 
sibly  affecting  management  of  the  sandbar 
shark  because  underestimation  of  age  leads  to 
underestimation  of  reproductive  potential  and 
overestimation  of  yield. 
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Abstract — This  study  assessed  the 
aging  techniques  and  growth  rates 
of  river  herring,  the  alewife  ( Alo - 
sa  pseudoharengus )  and  blueback 
herring  ( Alosa  aestivalis),  in  the 
tributaries  of  the  Potomac  River  in 
northern  Virginia.  River  herring  are 
currently  under  moratoria  in  the 
Potomac  River  because  of  a  lack  of 
information  about  their  populations. 
Ages  determined  from  the  use  of  oto¬ 
liths  and  scales  collected  from  river 
herring  were  compared  to  quantify 
aging  bias  and  precision.  For  2-  and 
3-year-old  individuals,  ages  were 
commonly  higher  when  derived  from 
scales  than  when  derived  from  oto¬ 
liths.  Length-at-age  data  were  ana¬ 
lyzed  by  using  9  growth  models,  and 
the  best-fit-model  was  determined 
by  using  Akaike’s  information  cri¬ 
terion  (AIC).  The  outputs  from  the 
growth  models  were  only  slightly 
different,  with  differences  of  10.6% 
and  10.5%  in  the  AIC  weights  be¬ 
tween  best-  and  worst-fit  models 
for  alewife  and  blueback  herring, 
respectively.  Results  from  the  use 
of  a  von  Bertalanffy  growth  model 
indicate  that  alewife  grew  larger 
and  faster  than  blueback  herring 
(P<0.0001)  and  that  females  grew 
larger  and  faster  than  males  for 
both  species  (PcO.OOOl).  The  find¬ 
ings  of  this  study  provide  needed 
aging  and  growth  information  about 
2  species  within  the  Potomac  River, 
where  information  about  growth 
rates  and  population  ages  is  limited. 
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The  alewife  (Alosa  pseudoharengus) 
and  blueback  herring  ( Alosa  aestiva¬ 
lis),  collectively  called  river  herring, 
were  once  important  target  species  of 
commercial  and  recreational  fisheries 
along  the  Atlantic  coast  of  the  Unit¬ 
ed  States  and  Canada.  Returning 
to  freshwater  spawning  grounds  in 
early  spring,  river  herring  and  other 
similar  anadromous  species  were  the 
targets  of  a  thriving  fishery  after 
harsh  winters  for  much  of  the  north¬ 
ern  Atlantic  seaboard  for  centuries 
(Wharton,  1957;  Fay  et  al.1;  Jessop, 
1994;  Greene  et  al.2;  ASMFC,  2012). 
Commercial  landings  of  river  her¬ 
ring  declined  by  98%  in  the  United 
States  from  the  1950s  (when  detailed 
records  were  first  kept)  to  the  1970s, 
and  average  landings  in  the  Chesa¬ 
peake  Bay  plummeted  99%  or  more 


1  Fay,  C.  W.,  R.  J.  Neves,  and  G.  B.  Par- 
due.  1983.  Species  profiles:  life  histo¬ 
ries  and  environmental  requirements  of 
coastal  fishes  and  invertebrates  (mid- 
Atlantic) — alewife/blueback  herring,  25 
p.  Div.  Biol.  Serv.,  U.S.  Fish  Wildl. 
Serv.,  FWS/OBS-82/11.9.  U.S.  Army 
Corps  Eng.,  TR  EL-82-4. 

2  Greene,  K.  E.,  J.  L.  Zimmerman,  R.  W. 
Laney,  and  J.  C.  Thomas-Blate.  2009. 
Atlantic  coast  diadromous  fish  habitat: 
a  review  of  utilization,  threats,  recom¬ 
mendations  for  conservation,  and  re¬ 
search  needs.  Atl.  States  Mar.  Fish. 
Comm.  Habitat  Manage.  Ser.  9,  463  p. 
[Available  from  website.] 


from  the  1970s  to  2010  (NRDC3).  De¬ 
clines  in  populations  of  river  herring 
throughout  their  geographical  region 
have  been  attributed  to  overfishing 
and  habitat  degradation  in  spawn¬ 
ing  habitats;  therefore,  populations 
are  termed  depleted  rather  than 
overfished  (Hightower  et  al.,  1996; 
NMFS4 * * * 8;  NRDC3).  To  promote  the  re¬ 
covery  of  river  herring,  the  Atlantic 
States  Marine  Fisheries  Commis¬ 
sion  (ASMFC)  established  that  com¬ 
mercial  and  recreational  fisheries  in 
any  jurisdiction  may  not  land  river 
herring  unless  a  sustainable  fishery 
management  plan  has  been  approved 
starting  in  January  2012  (Greene  et 
al.2;  ASMFC,  2012). 

In  the  stock  assessment  complet¬ 
ed  in  2017,  the  status  of  the  alewife 
stock  in  the  Potomac  River  was  list¬ 
ed  as  stable,  but  the  stock  of  blue- 
back  herring  was  listed  as  unknown 
(ASMFC,  2017).  Data  collection  and 


3  NRDC  (Natural  Resource  Defense  Coun¬ 
cil).  2011.  Petition  to  list  alewife 
( Alosa  pseudoharengus)  and  blueback 
herring  ( Alosa  aestivalis)  as  threatened 
species  and  to  designate  critical  habitat, 
107  p.  Nat.  Resour.  Defense  Counc., 
Washington,  D.C. 

4  NMFS  (National  Marine  Fisheries  Ser¬ 

vice).  2009.  Species  of  concern:  river 

herring  (alewife  and  blueback  herring) 

Alosa  pseudoharengus  and  A.  aestivalis, 

8  p.  Natl.  Mar.  Fish.  Serv.,  Washing¬ 
ton,  D.C. 
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monitoring  are  considered  top  priorities  for  manage¬ 
ment  of  river  herring,  with  an  emphasis  on  total  catch 
(including  bycatch),  validation  of  age  determination, 
determination  of  population  sizes,  and  determination  of 
the  effectiveness  of  restoration  efforts  (ASMFC,  2012, 
2017).  Data  on  the  populations  of  river  herring  in  the 
Potomac  River  have  been  limited  to  indices  of  juvenile 
abundance  and  to  surveys  of  adults  by  using  electro¬ 
fishing  or  push  nets  (Schlick,  2016;  ASMFC,  2017).  The 
catch  per  unit  of  effort  for  adults  captured  in  the  Po¬ 
tomac  River  by  the  District  of  Columbia  Department 
of  Energy  and  Environment  has  increased  since  2012 
for  both  species;  however,  the  geometric  mean  of  catch 
of  juvenile  river  herring  does  not  have  the  same  clear 
trend  in  seining  data  collected  by  the  District  of  Co¬ 
lumbia  Department  of  Energy  and  Environment  and 
Maryland  Department  of  Natural  Resources  (ASMFC, 
2017).  The  Potomac  Environmental  Research  and  Edu¬ 
cation  Center  of  George  Mason  University  has  reported 
an  increase  in  river  herring  catch  since  1988  in  Gun- 
ston  Cove,  a  small  embayment  of  the  Potomac  River 
(Schlick,  2016;  Jones  et  al5). 

Whether  habitat  degradation  or  overfishing  are  the 
major  contributors  to  the  decline  of  these  populations, 
data  on  the  characteristics  of  spawning  populations  of 
river  herring  are  needed  to  help  manage  them.  Growth 
rates  can  change  over  time  because  of  overfishing  or 
degradation  of  spawning  habitat  and  through  natural 
variation  over  time  (Heino,  1998;  Law,  2000;  Heino  and 
Godo,  2002;  Wang  and  Hook,  2009).  Additionally,  these 
characteristics  can  differ  within  populations  through¬ 
out  their  geographical  range,  even  in  close  proximity 
(Sheppard  et  al.6;  Tuckey  and  Olney,  2010).  For  exam¬ 
ple,  alewife  had  statistically  higher  growth  rates  in  the 
Nemasket  River,  Massachusetts,  than  in  3  other  riv¬ 
ers  in  Massachusetts  (Sheppard  et  al.6).  Fish  fecundity 
is  directly  related  to  size,  with  larger  individuals  in 
a  population  producing  more  eggs  per  spawning  event 
(Lake  and  Schmidt7).  Therefore,  body  size  and  growth 
rates  are  important  in  population  analyses.  Updating 
growth  parameters  of  the  species  after  severe  declines 
in  the  population  is  important  for  current  stock  assess¬ 
ment  strategies. 


5  Jones,  R.  C.,  K.  de  Mutsert,  and  A.  Fowler.  2017.  An  eco¬ 
logical  study  of  Gunston  Cove  2016:  final  report,  181  p.  Po¬ 
tomac  Environ.  Res.  Educ.  Cent.,  George  Mason  Univ.,  Fair¬ 
fax,  VA.  [Available  from  website.] 

6  Sheppard,  J.  J.,  P.  D.  Brady,  M.  P.  Armstrong,  and  G.  A. 
Nelson.  2010.  Characterizing  contemporary  and  historic 
age  structure  of  alewives  ( Alosa  pseudoharengus)  in  Mas¬ 
sachusetts  spawning  runs:  final  report,  110  p.  [Available 
from  Mass.  Div.  Mar.  Fish.,  30  Emerson  Ave.,  Gloucester,  MA 
01983.] 

7  Lake,  T.  R.,  and  R.  E.  Schmidt.  1998.  The  relationship  be¬ 
tween  fecundity  of  an  alewife  ( Alosa  pseudoharengus )  spawn¬ 
ing  population  and  egg  productivity  in  Quassaic  Creek,  a 
Hudson  River  tributary  (HRM  60)  in  Orange  County,  New 

York.  In  Final  reports  of  the  Tiber  T.  Polgar  Fellowship 
Program,  1997  (J.  R.  Waldman  and  W.  C.  Nieder.eds.),  p.  II- 
1-24.  Hudson  River  Foundation,  NY.  [Available  from  web¬ 
site.] 


The  von  Bertalanffy  growth  function  is  the  most 
commonly  used  model  to  describe  the  growth  (in  length 
or  weight)  of  individuals  within  a  fish  population;  how¬ 
ever,  for  many  species,  the  von  Bertalanffy  growth 
model  is  not  the  best  fit  (Quinn  and  Deriso,  1999; 
Katsanevakis  and  Maravelias,  2008;  Haddon,  2011). 
Katsanevakis  and  Maravelias  (2008)  reported  that 
the  von  Bertalanffy  growth  function  was  the  best-fit 
model  in  34.6%  of  133  different  data  sets.  A  difference 
in  the  best-fit  model  between  populations  could  be  due 
to  the  parameters  used  in  the  model  or  the  particu¬ 
lar  species  not  growing  at  an  asymptotic  rate,  which 
is  an  assumption  of  the  von  Bertalanffy  growth  model 
(Katsanevakis  and  Maravelias,  2008).  Today,  multiple 
growth  models  can  be  constructed  easily  with  the  use 
of  software  programs;  therefore,  a  useful  way  to  de¬ 
termine  the  best-fit  model  is  running  multiple  types 
of  growth  models  (e.g.,  von  Bertalanffy,  Gompertz,  and 
Richards)  and  then  statistically  comparing  the  growth 
parameters  by  using  the  Akaike’s  information  criterion 
(AIC)  (Burnham  and  Anderson,  2002;  Katsanevakis 
and  Maravelias,  2008). 

Development  of  growth  models  is  necessary  for  un¬ 
derstanding  population  size  and  growth  potential,  in¬ 
formation  used  to  properly  manage  fisheries  use,  and 
can  be  achieved  by  using  length-at-age  data;  how¬ 
ever,  length-at-age  data  for  river  herring  have  been 
used  with  little  validation  or  standardization  of  ag¬ 
ing  techniques  between  scientists  (ASMFC8).  Aging  of 
river  herring  has  been  accomplished  through  reading 
annuli  on  whole  otoliths  or  on  scales  under  a  dissect¬ 
ing  microscope;  however,  validation  with  known  ages 
of  individuals  has  not  been  documented  for  river  her¬ 
ring  (ASMFC8).  Aging  by  reading  scales  is  a  nonlethal 
option  but  can  result  in  less  accurate  age  estimation 
because  periods  of  minimal  growth  can  result  in  false 
annuli  on  scales  (Campana  and  Neilson,  1985;  Beamish 
and  McFarlane,  1987).  Additionally,  the  methods  devel¬ 
oped  by  Cating  (1953)  for  American  shad  (A.  sapidis- 
sima )  were  the  most  cited  methods  for  aging  river  her¬ 
ring  by  using  scales  until  Duffy  et  al.  (2011)  reported 
that  the  transverse  grooves  on  scales  used  in  aging  can 
vary  over  time  and  geographical  range. 

The  goal  of  this  study  was  to  examine  lengths,  ages, 
and  growth  of  adult  river  herring  returning  to  tribu¬ 
taries  of  the  Potomac  River  in  2007-2015  to  spawn. 
The  objectives  to  obtain  this  goal  were  to  determine 
1)  the  relationships  between  different  measurements 
of  length,  2)  bias  between  using  scales  and  using  oto¬ 
liths  to  estimate  age,  3)  the  best-fit  model  by  examin¬ 
ing  multiple  growth  models,  and  4)  growth  parameters 
by  using  the  best-fit  model.  Understanding  length,  age, 
and  growth  parameters  is  crucial  for  the  determination 
of  the  reproductive  capacity,  potential  restoration  time 


8  ASMFC  (Atlantic  States  Marine  Fisheries  Commission). 
2014.  2013  river  herring  ageing  workshop  report,  88 

p.  Atl.  States  Mar.  Fish.  Comm.,  Washington,  D.C.  [Avail¬ 
able  from  website.] 
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Figure  1 

Map  of  locations  where  adult  river  herring,  alewife  ( Alosa  pseu- 
doharengus )  and  blueback  herring  ( Alosa  aestivalis ),  were  sam¬ 
pled  from  2007  through  2015  within  small  tributaries  that  lead 
to  the  Potomac  River  in  northern  Virginia.  There  are  5  locations: 
Quantico  Creek,  Pohick  Creek,  Accotink  Creek,  Dogue  Creek, 
and  Cameron  Run.  Map  data  sources:  U.S.  Geological  Survey, 
1:250, 000-scale  Hydrologic  Units  of  the  United  States;  Esri,  U.S. 
National  Atlas  Water  Feature  Lines. 


line,  and  overall  health  of  river  herring  popu¬ 
lations,  whose  current  statuses  are  unknown. 

Materials  and  methods 
Study  sites 

Adult  river  herring  were  sampled  at  5  loca¬ 
tions:  Pohick  Creek,  Accotink  Creek,  Dogue 
Creek,  Quantico  Creek,  and  Cameron  Run,  all 
third-order  tributaries  that  run  through  north¬ 
ern  Virginia  and  drain  into  the  Potomac  River 
south  of  Washington,  D.C.  (Fig.  1).  This  stretch 
of  the  Potomac  River  is  tidally  influenced  fresh¬ 
water,  which  continues  into  the  lower  portions 
of  each  creek  (Jones  et  al.,  2008).  River  her¬ 
ring  have  been  documented  to  spawn  in  each 
creek  below  the  Virginia  fall  line  (Jones  et  al.9; 

Schlick,  2016;  Jones  et  al.5). 

Field  methods 

Adults  migrating  upstream  through  Accotink 
Creek  and  Pohick  Creek  (Fig.  1)  were  sampled 
by  blocking  each  creek  for  24  h  by  using  a  hoop 
net  with  a  mesh  of  1.3  cm  and  snow  fencing 
with  a  mesh  of  5.1  cm  once  a  week  from  mid- 
March  through  May  from  2007  through  2015. 
Cameron  Run  was  sampled  the  same  way  from 
2013  through  2015  (Fig.  1).  In  2007  and  2008, 
adult  river  herring  were  collected  from  Quan¬ 
tico  Creek  and  Dogue  Creek  by  electrofishing 
(Fig.  1).  All  captured  adult  alewife  (/?.= 1707) 
and  blueback  herring  (n=1159)  were  counted 
and  measured,  and  their  sex  was  determined. 

Adults  that  did  not  survive  capture  (598  ale¬ 
wife  and  304  blueback  herring)  were  frozen  un¬ 
less  dissection  occurred  within  48  h  of  capture. 

Adults  were  measured  for  wet  weight  in  grams 
and  for  standard  length  (SL),  fork  length  (FL), 
and  total  length  (TL)  in  millimeters.  Scales 
were  collected,  cleaned  by  using  a  mild  deter¬ 
gent,  and  dried  flat  (ASMFC8).  Sagittal  otoliths 
were  collected  and  stored  dry. 

Laboratory  methods 

Sagittal  otoliths  were  cleaned  of  all  fish  debris  by  us¬ 
ing  water.  Two  separate  readers  viewed  otoliths  under 
a  dissecting  microscope  on  a  black  background  by  using 
reflected  light  following  procedures  outlined  in  the  re¬ 
port  of  the  ASFMC  workshop  on  aging  of  river  herring 
held  in  2013  (ASMFC8).  Samples  were  excluded  from 
analysis  when  an  age  was  not  agreed  upon.  From  each 


9  Jones,  R.  C.,  K.  de  Mutsert,  and  G.  D.  Foster.  2014.  An 
ecological  study  of  Hunting  Creek  2013:  final  report,  113 
p.  George  Mason  Univ.,  Fairfax,  VA.  [Available  from  web¬ 
site.) 


fish,  5-6  scales  were  cleaned  with  water  and  a  mild  de¬ 
tergent;  then  they  were  sandwiched  between  2  slides, 
examined,  photographed  by  using  a  camera  mounted 
on  a  dissecting  microscope  with  transmitted  light,  and 
read  for  annuli  (ASMFC8).  Because  river  herring  were 
captured  during  spawning  season,  the  edges  of  otoliths 
and  scales  were  counted  as  a  year  (Cating,  1953). 

Age  validation 

It  was  assumed  that  ages  from  analysis  of  otoliths  were 
more  likely  to  be  accurate  than  ages  from  analysis  of 
scales  because  scales  contain  more  false  annuli  and  are 
more  susceptible  to  environmental  degradation  (Cam- 
pana  and  Neilson,  1985;  Beamish  and  McFarlane,  1987; 
Besler,  1999).  Additionally,  readers  agreed  on  858  of  861 
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Figure  2 

Number  of  alewife  ( Alosa  pseudoharengus )  and  blueback  herring  ( Alosa 
aestivalis )  captured  per  day  in  tributaries  of  the  Potomac  River  with  hoop 
nets  from  2007  through  2015  and  by  electrofishing  in  2007  and  2008  by 
the  Potomac  Environmental  Research  and  Education  Center  of  George 
Mason  University. 


otolith  readings  but  on  only  792  of  828 
scale  readings.  Otolith  readings  were 
compared  with  scale  readings  to  verify 
ages  of  scales  by  using  age  bias  and 
precision  analyses  in  RStudio10,  vers. 

1.0.153  (RStudio,  Inc.,  Boston,  MA)  and 
the  R  package  FSA,  vers.  0.7.3  (Ogle, 

2015).  Plots  of  age  bias  were  created 
by  plotting  ages  agreed  upon  by  otolith 
readers  versus  ages  from  scale  read¬ 
ings  to  visually  examine  data  for  sys¬ 
tematic  bias  in  aging  scales  (Campana 
et  al.,  1995).  Ages  within  the  age-bias 
plot  were  analyzed  by  using  a  f-test 
to  determine  if  ages  from  scales  agree 
with  ages  from  otoliths  (Campana  et 
al.,  1995).  To  statistically  test  for  sym¬ 
metry,  McNemar’s  test,  Evans-Hoenig 
test,  and  Bowker’s  test  were  used  to 
determine  the  differences  around  the 
main  diagonal  of  the  age-bias  plot  (Ev¬ 
ans  and  Hoenig,  1998).  Average  coef¬ 
ficient  of  variation  (ACV)  was  used  to 
find  the  variability  in  ages  determined 
by  using  ages  from  otoliths  versus  ages 
from  scales  (Campana,  2001). 

Statistical  analyses 

Relationships  between  SL  and  FL,  SL  and  TL,  and 
FL  and  TL  were  estimated  on  the  basis  of  linear  re¬ 
gression  analyses.  Length-at-age  data  were  used  to 
determine  growth  curves  in  9  different  growth  mod¬ 
els:  von  Bertalanffy  (von  Bertalanffy,  1938),  Gompertz 
(Gompertz,  1825),  Laird-Gompertz  (Laird,  1964;  Zwe- 
ifel  and  Lasker,  1976),  Richards  (Richards,  1959),  lin¬ 
ear  (Haddon,  2011),  logistic  (Ricker,  1975),  Ratkowsky 
(Ratkowsky,  1986),  Francis  (Francis,  1988),  and  Cer- 
rato  (Cerrato,  1990).  All  analyses  were  conducted  in 
Microsoft  Excel  (vers.  16.7;  Microsoft  Corp.,  Redmond, 
WA)  by  using  Solver,  an  add-in  tool  available  in  Excel 
(Haddon,  2011).  Growth  models  were  run  using  SL  as 
the  measure  for  length  to  increase  sample  size  in  this 
study  because  some  of  the  captured  river  herring  had 
damaged  caudal  fins,  making  TL  and  FL  unreliable  or 
unattainable  measures.  However,  past  documentation 
of  growth  parameters  for  river  herring  were  done  with 
FL  or  TL.  To  directly  compare  this  study’s  results  with 
those  of  past  studies,  the  von  Bertalanffy  growth  func¬ 
tion  was  run  with  FL  and  TL  for  each  species;  mean 
asymptotic  lengths  (L„)  are  reported  in  parentheses  in 
the  “Discussion”  section  when  applicable  for  compari¬ 
son  with  results  of  other  studies. 

The  best-fit  model  was  determined  by  using  the  AIC 
(Akaike,  1974;  Hilborn  and  Mangel,  1997;  Burnham 
and  Anderson,  2002).  The  use  of  the  AIC  allows  non- 


10  Mention  of  trade  names  or  commercial  companies  is  for 
identification  purposes  only  and  does  not  imply  endorse¬ 
ment  by  the  National  Marine  Fisheries  Service,  NMFS. 


nested  models  to  be  compared  and  over-parameteriza¬ 
tion  of  a  model  to  be  taken  into  context  (Hilborn  and 
Mangel,  1997).  The  AIC  was  then  transformed  to  AIC 
weights  to  determine  which  model  was  furthest  from 
the  true  AIC  value  (Burnham  and  Anderson,  2002). 

An  analysis  of  residual  sum  of  squares  was  con¬ 
ducted  on  the  best-fit  model  to  determine  if  there  are 
sex-specific  differences  in  growth  parameters.  Finally, 
a  likelihood  ratio  was  used  to  test  which  growth  pa¬ 
rameters  are  responsible  for  any  differences  between 
sexes.  The  likelihood  ratio  is  a  chi-square  distribution 
with  degrees  of  freedom  (df)  that  compares  the  sums  of 
squares  of  the  models  for  each  combination  of  growth 
parameters  by  estimating  each  parameter  individually 
through  the  growth  model  while  holding  some  param¬ 
eters  constant  and  calculating  the  sums  of  squares  for 
each  combination  of  parameters. 

Results 

Alewife  (n  =  1707)  were  captured  in  tributaries  of  the  Po¬ 
tomac  River  for  9  consecutive  years  from  2007  through 
2015,  and  598  of  these  fish  were  dissected  for  aging. 
Blueback  herring  (/?  =  1159)  were  captured  in  2007  and 
2008  and  from  2011  through  2015,  and  304  of  them 
were  dissected  for  aging.  In  2015,  the  catch  of  both  spe¬ 
cies  was  an  order  of  magnitude  higher  than  the  catch 
of  any  other  year  during  this  study  (Fig.  2).  Methods 
and  locations  of  sampling  were  consistent  from  2009 
through  2015,  except  that  Cameron  Run  was  added 
from  2013  through  2015,  resulting  in  the  capture  of 
1  alewife,  6  alewife,  and  16  alewife  in  each  of  those 
3  years,  respectively.  Therefore,  the  increased  catch  of 
alewife  in  2015  was  not  due  to  increased  effort. 
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Table  1 

The  equations  used  to  convert  between  values  of  standard  length  (SL),  fork 
length  (FL),  and  total  length  (TL)  in  millimeters  for  alewife  (Alosa  pseudo- 
harengus)  and  blueback  herring  (Alosa  aestivalis)  captured  from  tributaries 
of  the  Potomac  River  in  northern  Virginia  during  2007-2015.  Also  provided 
are  coefficients  of  multiple  determination  (R2),  or  proportions  of  variance,  to 
indicate  the  correlation  between  variables  used  to  determine  the  equations. 


Species 

Conversion 

Equation 

n 

R2 

Alewife 

SL  to  FL 

FL=1.0076(SL>+18.832 

1056 

0.920 

Alewife 

SL  to  TL 

TL=1.0922(SL)+31.529 

1002 

0.873 

Alewife 

FL  to  TL 

7X=0.9852(FL  1+33.807 

1001 

0.968 

Blueback 

SL  to  FL 

FL=1.0208(SL)+14.675 

630 

0.928 

Blueback 

SL  to  TL 

TL=1. 14461 SL  1+18.644 

630 

0.930 

Blueback 

FL  to  TL 

TL=  1 . 104(FL)+6.02 

630 

0.972 

Length-length  relationship 

Alewife  had  a  mean  SL  of  210.8  mm  (standard  devia¬ 
tion  [SD]  13.57),  mean  FL  of  231.2  mm  (SD  14.25), 
and  mean  TL  of  261.9  mm  (SD  15.85).  Blueback  her¬ 
ring  had  a  mean  SL  of  202.1  mm  (SD  11.80),  mean  FL 
of  221.0  mm  (SD  12.51),  and  mean  TL  of  250.0  mm 
(SD  14.00).  The  relationships  between  SL,  FL,  and  TL 
were  highly  significant  for  alewife  and  blueback  her¬ 
ring  (with  all  proportions  of  variance,  or  coefficients  of 
multiple  determination,  >0.85;  Table  1). 

Aging 

Alewife  Otoliths  were  collected  from  574  alewife  over 
9  consecutive  years  (2007-2015),  and  readers  agreed 
on  all  ages  except  for  1  alewife.  Ages  ranged  from 
2  to  7  years  with  a  median  age  of  3  years  for  both 
females  (n=244)  and  males  (n=329).  Scales  could  be 
read  for  532  of  the  574  dissected  alewife.  Scale  ag¬ 
ing  revealed  reader  bias,  particularly  in  younger 


ages.  Fish  aged  as  2  and  3  years  old  from  scale  read¬ 
ings  commonly  had  younger  ages  that  the  2  readers 
agreed  upon  from  their  otolith  analyses,  and  fish  as¬ 
signed  ages  of  5,  6,  and  7  years  from  scale  analyses 
commonly  had  older  age  estimates  from  otolith  read¬ 
ings;  however,  for  fish  at  ages  of  4,  6,  and  7  years 
based  on  scale  readings,  estimates  were  not  statisti¬ 
cally  different  from  ages  based  on  otolith  analyses 
(Table  2).  Biases  in  ages  between  scale  and  otolith 
readings  were  statistically  different  in  the  McNe- 
mar’s,  Evans-Hoenig,  and  Bowker’s  tests:  P=0.0032, 
P=0.0089,  P=0.0001,  respectively.  Ages  determined 
with  the  use  of  scales  and  otoliths  agreed  for  83.1% 
of  the  samples  and  were  within  1  year  of  each  other 
for  an  additional  15.0%  of  samples,  with  an  ACV  of 
3.8%,  indicating  that  the  ages  were  precise  according 
to  standards  established  by  Campana  (2001). 

Blueback  herring  Blueback  herring  were  sampled  from 
2007  through  2015,  but  none  were  captured  in  2009 
and  2010.  Otolith  readers  agreed  on  ages  for  285  of 


Table  2 

The  number  of  samples  for  each  comparison  of  ages  between  otolith  and  scale  readings  for  ale¬ 
wife  ( Alosa  pseudoharengus)  captured  between  2007and  2015  in  the  Potomac  River  in  northern 
Virginia,  with  t-test  statistics  (t)  to  indicate  bias  for  each  age.  An  asterisk  (*)  indicates  when 
the  ages  determined  by  reading  scales  were  significantly  different  from  the  age  determined 
by  reading  otoliths. 


Scale  age 


Otolith  age 

2 

3 

4 

5 

6 

7 

t 

P 

2 

16 

22 

1 

1 

6.51 

<0.0001* 

3 

- 

222 

20 

2 

2 

- 

4.60 

<0.0001* 

4 

- 

10 

140 

8 

- 

— 

-0.47 

0.6388 

5 

- 

- 

14 

49 

2 

- 

-3.21 

0.0084* 

6 

- 

- 

2 

2 

11 

1 

-1.58 

0.2824 

7 

— 

— 

— 

2 

1 

4 

-1.99 

0.2824 
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Table  3 

The  number  of  samples  for  each  comparison  of  ages  between  otolith  and  scale  readings  for 
blueback  herring  {Alosa  aestivalis )  captured  in  2007  and  2008  and  between  2011  and  2015  in 
the  Potomac  River  in  northern  Virginia,  with  t-test  statistics  (t)  to  indicate  bias  for  each  age. 
An  asterisk  (*)  indicates  when  the  ages  determined  by  reading  scales  were  significantly  dif¬ 
ferent  from  the  age  determined  by  reading  otoliths. 


Scale  age 


Otolith  age 

2 

3 

4 

5 

6 

t 

P 

2 

41 

13 

_ 

_ 

_ 

4.10 

0.0007* 

3 

- 

143 

12 

- 

- 

3.63 

0.0151* 

4 

- 

1 

32 

- 

- 

-1.00 

0.6496 

5 

- 

3 

2 

8 

- 

-2.55 

0.0762 

6 

- 

— 

1 

— 

3 

-1.00 

0.6496 

287  samples.  Ages  ranged  from  2  to  6  years,  with  a 
median  age  of  3  years  for  both  females  (n  =  123)  and 
males  (/?  =  164).  Scales  could  be  read  for  260  of  287 
dissected  blueback  herring,  with  the  ages  of  2  and  3 
years  commonly  overaged  by  readers  and  statistical¬ 
ly  biased  on  the  basis  of  McNemar’s,  Evans-Hoenig, 
and  Bowker’s  tests  (all  tests:  P<0.0001;  Table  3).  Ages 
agreed  between  scale  and  otolith  readings  for  87.3% 
of  the  samples  and  were  within  1  year  of  each  other 
for  an  additional  10.8%  of  the  samples.  The  ACV  was 
3.2%,  indicating  that  the  aging  of  samples  were  precise 
(Campana,  2001). 


Growth  models 

The  best-fit  model  for  alewife  was  the  linear  growth 
model,  and  the  worst-fit  model  was  the  Richards 
growth  model  (Table  4).  The  best-fit  model  for  blue- 
back  herring  was  the  logistic  growth  model,  and  the 
worst-fit  model  was  the  linear  growth  model  (Table  4). 
However,  the  AIC  weights  were  only  10.6%  and  10.5% 
different  between  the  best-fit  and  worst-fit  models  for 
alewife  and  blueback  herring,  respectively  (Table  4). 
For  this  reason,  the  von  Bertalanffy  growth  function, 
the  most  traditionally  used  growth  model,  was  used  to 


Table  4 

Rank  of  Akaike’s  information  criterion  weights  ( w )  calculated  for  alewife  ( Alosa  pseudoharengus)  and 
blueback  herring  ( Alosa  aestivalis)  based  on  sample  size  (n),  number  of  parameters  ( k ),  sums  of  squares 
(SSQ),  and  Akaike’s  information  criterion  for  model  selection  (AIC;)  from  each  growth  model  used  in  this 
study. 

Species  Growth  model 

n 

k 

SSQ 

AIC; 

w  (%) 

Rank 

Alewife  Cerrato 

559 

3 

96,589 

1702.954 

11.432 

5 

Francis 

559 

3 

96,589 

1702.954 

11.432 

5 

Gompertz 

559 

3 

96,582 

1702.936 

11.533 

3 

Laird-Gompertz 

559 

3 

96,582 

1702.936 

11.533 

3 

Linear 

559 

2 

97,165 

1702.398 

15.093 

1 

Logistic 

559 

3 

96,576 

1702.921 

11.621 

2 

Ratkowsky 

559 

3 

96,589 

1702.954 

11.432 

5 

Richards 

559 

4 

96,537 

1704.823 

4.490 

9 

von  Bertalanffy 

559 

3 

96,589 

1,702.954 

11.432 

5 

Blueback  herring  Cerrato 

285 

3 

34,956 

828.756 

13.170 

4 

Francis 

285 

3 

34,956 

828.754 

4.914 

8 

Gompertz 

285 

3 

34,955 

828.751 

13.170 

4 

Laird-Gompertz 

285 

3 

34,955 

828.751 

13.193 

2 

Linear 

285 

2 

36,429 

831.863 

2.782 

9 

Logistic 

285 

3 

34,953 

828.744 

13.240 

1 

Ratkowsky 

285 

3 

34,956 

828.754 

13.170 

4 

Richards 

285 

4 

34,948 

830.726 

13.193 

2 

von  Bertalanffy 

285 

3 

34,956 

828.754 

13.170 

4 
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Table  5 

Parameter  estimates  from  von  Bertalanffy  growth  function  for  males,  females,  and  sexes  combined  of  ale- 
wife  (Alosa  pseudoharengus)  and  blueback  herring  ( Alosa  aestivalis ),  with  subsequent  sums  of  squares 
(SSQ)  from  model  fitting  and  sample  size.  The  parameters  are  mean  asymptotic  length  (L„),  given  in  stan¬ 
dard  length  in  centimeters,  growth  rate  coefficient  ( K ),  and  the  time  (or  age)  at  which  the  average  length 
was  zero  (t0). 


Species 

Model 

Sex 

L„ 

(cm) 

K 

(per  year) 

^0 

(per  year) 

SSQ 

n 

Alewife 

von  Bertalanffy 

Male 

233.8 

0.218 

-5.97 

30,131 

329 

Female 

250.9 

0.237 

-5.25 

34,579 

244 

Combined 

257.2 

0.179 

-6.04 

96,589 

573 

Blueback  herring 

von  Bertalanffy 

Male 

213.7 

0.387 

-3.27 

8,763 

162 

Female 

219.0 

0.837 

-0.75 

11,522 

123 

Combined 

220.3 

0.525 

-1.69 

34,956 

285 

examine  the  difference  between  sexes.  All  of 
the  models  converged,  indicating  that  enough 
data  was  available  for  the  models  to  success¬ 
fully  run. 

The  von  Bertalanffy  growth  parameters  dif¬ 
fered  between  alewife  and  blueback  herring 
(P<0.0001).  Alewife  grew  faster  and  obtained 
larger  sizes  than  blueback  herring  (Table  5). 
A  likelihood  ratio  test  confirmed  the  difference 
between  species  was  not  due  to  coincidence 
(X2=39,  df=3,  P<0.0001);  however,  no  single 
parameter  was  responsible  for  this  difference. 

For  alewife,  parameters  between  sexes  were 
statistically  different  when  the  von  Bertalanffy 
growth  function  was  used  (P<0.0001).  The 
models  for  both  species  show  females  growing 
faster  than  males  and  attaining  larger  values 
of  (Table  5,  Fig.  3A).  The  standardized  re¬ 
siduals  for  the  von  Bertalanffy  growth  curve 
were  randomly  distributed,  indicating  that  the 
model  was  a  good  fit  (Fig.  3B).  A  likelihood  ra¬ 
tio  test  confirmed  that  the  difference  between 
sexes  was  not  due  to  coincidence  (%2=229,  df=3, 
P<0.0001);  however,  differences  were  not  sig¬ 
nificant  between  individual  parameters. 

For  blueback  herring,  an  analysis  of  residual 
sum  of  squares  revealed  that  female  blueback 
herring  grew  significantly  larger  and  faster 
than  males  (PcO.OOOl;  Table  5,  Fig.  4A),  and 
a  likelihood  ratio  test  confirmed  the  differenc¬ 
es  were  significant  (%2=138,  df=3,  P<0.0001). 
Standardized  residuals  between  the  von  Ber¬ 
talanffy  growth  function  and  observed  values 
were  random  (Fig.  4B).  Differences  between 
sexes  were  based  on  the  interactions  between 
the  parameters  of  Lx  and  growth  rate  coeffi¬ 
cient  ( K )  (x2=8,  df=2,  P=0.02)  and  interactions 
between  and  the  time  (or  age)  at  which  the 
average  length  was  zero  (t0)  (von  Bertalanffy: 


200  210  220  230 

Predicted  length  (mm) 


Figure  3 

(A)  Observed  length  at  age  for  female  (gray  dots)  and  male 
(black  plus  signs)  alewife  (Alosa  pseudoharengus )  captured 
in  the  Potomac  River  between  2007  and  2015,  with  predicted 
length  at  age  from  von  Bertalanffy  growth  models  (solid  lines). 

(B)  Standardized  residuals  versus  fitted  values  for  the  von  Ber¬ 
talanffy  growth  curves  for  female  (gray  dots)  and  male  (black 
plus  signs)  alewife. 
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Figure  4 

(A)  Observed  length  at  age  for  female  (gray  dots)  and  male 
(black  plus  signs)  blueback  herring  (Alosa  aestivalis)  captured 
in  the  Potomac  River  in  2007  and  2008  and  from  2011  through 
2015,  with  predicted  length  at  age  from  von  Bertalanffy  growth 
models  (solid  lines).  (B)  Standardized  residuals  versus  fitted  val¬ 
ues  for  the  von  Bertalanffy  growth  curves  for  female  (gray  dots) 
and  male  (black  plus  signs)  blueback  herring. 


X2=5,  df=2,  P=0.01 ).  When  a  Bonferroni  adjustment 
was  used,  the  critical  P-value  became  0.007.  With  this 
new  P-value,  only  testing  the  whole  model  for  each  sex 
was  still  statistically  different,  indicating  that  the  dif¬ 
ferences  between  the  sexes  were  not  a  coincidence  but 
that  none  of  the  model  parameters  explain  the  differ¬ 
ences  by  themselves. 

Discussion 

Females  grew  faster  and  larger  than  males  for  both 
species  of  river  herring.  Similar  to  the  outcome  of  this 
study,  previous  studies  have  documented  larger  and 
faster-growing  females  for  both  species  (Marcy,  1969; 
Loesch  and  Lund,  1977;  Loesch,  1987).  Additionally, 
alewife  grew  faster  and  larger  than  blueback  herring, 
a  finding  that  also  has  been  documented  by  previous 
studies  (Netzel  and  Stanek,  1966;  Messieh,  1977;  Jones 
et  al.,  1978;  Fay  et  al.1;  Klauda  et  al.,  1991).  In  the 
Saint  John  River  in  New  Brunswick,  Canada,  female 


alewife  grew  fastest  and  largest,  followed  by 
male  alewife,  then  female  blueback  herring 
and  male  blueback  herring.  However,  in  the 
Albemarle  Sound,  North  Carolina,  female  blue- 
back  herring  grew  faster  and  larger  than  male 
alewife.  Fay  et  al.1  provided  average  length-at- 
age  data  from  multiples  studies,  information 
that  indicates  that  growth  rates  of  alewife  and 
blueback  herring  were  not  consistent  between 
studies  (Fay  et  al.1).  For  example,  in  Georges 
Bank,  alewife  had  a  larger  average  length  at 
age  than  blueback  herring  for  every  age,  but 
in  the  Connecticut  River  larger  average  length 
varied  between  these  species  on  the  basis  of 
age  (Netzel  and  Stanek,  1966;  Marcy,  1969;  Fay 
et  al.1).  Why  these  differences  in  growth  rates 
occurred  between  these  studies  is  unclear.  It 
could  be  due  to  differences  in  geography  or 
time,  given  that  both  have  been  documented 
to  affect  growth  of  fish  populations. 

The  estimates  of  for  alewife  (273.9  mm 
FL)  and  for  blueback  herring  (267.0-mm-FL) 
from  this  study  are  smaller  than  previously 
published  estimates  from  other  studies.  The 
NOAA  Northeast  Fisheries  Science  Center 
conducted  a  bottom-trawl  survey  from  1973 
through  1987  and  used  the  survey  data  to  es¬ 
timate  L„:  282.6  mm  FL  for  alewife  and  267.0 
mm  FL  for  blueback  herring  (ASMFC,  2012). 
For  both  sexes,  the  L„  also  was  smaller  for 
individuals  examined  in  this  study  than  for 
individuals  captured  in  the  Saint  John  River 
in  New  Brunswick  (male  and  female  alewife: 
292  and  310  mm  FL;  male  and  female  blue- 
back  herring:  231  and  260  mm  FL;  Messieh 
1977)  and  in  New  Hampshire  rivers  (male  and 
female  alewife:  305  and  322  mm  TL;  male  and 
female  blueback  herring:  287  and  328  mm  TL; 
ASMFC,  2012).  The  differences  between  esti¬ 
mates  of  Lx  were  most  likely  due  to  a  lack  of  older 
individuals  captured  in  the  Potomac  River,  a  situation 
that  can  lead  to  a  poor  estimation  of  the  L„  (Hilborn 
and  Walters,  1992). 

Alewife  and  blueback  herring  historically  have  been 
aged  up  to  14  and  9  years,  respectively  (ASMFC,  2012), 
but  the  maximum  ages  for  these  species  in  this  study 
were  7  and  6  years.  A  lack  of  representation  of  older 
fish  in  a  data  set  can  result  from  high  adult  mortal¬ 
ity  rates,  gear  selectivity,  or  underaging  of  fish  (Fran¬ 
cis,  1988).  High  adult  mortalities  in  river  herring  have 
been  linked  to  increased  stress  during  spawning  mi¬ 
grations,  historical  overfishing  practices,  and  current 
bycatch  of  adult  fish  (Hightower  et  al.,  1996;  Greene 
et  al.2;  ASMFC,  2012).  This  pattern  has  been  seen  for 
other  adult  anadromous  fishes  as  well  (Dunton  et  al., 
2015).  The  current  moratoria  for  river  herring  have 
been  in  effect  regionally  only  for  3  years;  therefore, 
older  river  herring  have  been  protected  for  a  limited 
part  of  their  life  span. 

The  K  value  was  lower  for  alewife  and  male  blue- 
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back  herring  in  this  study  than  for  those  in  previous 
studies  (Messieh,  1977;  ASMFC,  2012),  differences  that 
could  be  due  to  a  lack  of  smaller  individuals  in  the 
previous  studies.  For  this  study,  alewife  ranging  in  age 
from  2  to  7  years  and  blueback  herring  ranging  in  age 
from  2  to  6  years  were  used;  however,  in  both  previ¬ 
ous  studies,  river  herring  ranged  from  3  years  to  more 
than  9  years  (Messieh,  1977;  ASMFC,  2012).  When 
age-2  individuals  were  removed  from  the  analysis  in 
this  study,  K  increased  from  0.179  to  0.243  mm/year  for 
alewife  (both  sexes  combined)  and  from  0.525  to  0.697 
mm/year  for  blueback  herring  (both  sexes  combined). 
One  hypothesis  for  why  age-2  individuals  were  avail¬ 
able  in  this  study  and  not  in  previous  studies  is  that 
the  populations  could  have  spawned  at  earlier  ages 
in  this  study  because  of  years  of  overfishing,  which 
has  been  documented  in  Atlantic  cod  ( Gadus  morhua ) 
(Trippel,  1995),  several  Pacific  salmon  species  (Ricker, 
1981),  and  numerous  other  fish  species  (Darimont  et 
al.,  2009).  Fishermen  target  large  individuals  within 
a  population.  With  years  of  fishing  pressure,  a  popula¬ 
tion  adapts  to  spawning  as  smaller,  younger  individu¬ 
als  because  individual  fish  that  can  spawn  at  smaller 
sizes  are  more  likely  to  successfully  spawn  than  slower 
maturing  individuals  (Ricker,  1981;  Thorpe,  1993).  A 
change  in  maturity  schedules  is  important  to  document 
for  estimating  potential  recruitment  of  a  population 
and  should  be  examined  further. 

The  lack  of  ages  from  0  to  1  years  and  ages  >7  years 
also  could  have  contributed  to  the  similarities  between 
the  different  growth  models  tested  within  this  study 
because  the  parameters  in  each  model  are  correlated  to 
each  other  (Hilborn  and  Walters,  1992;  Campana,  2001; 
Allen  and  Gwinn,  2013).  Missing  younger  and  older 
fish  of  a  population  can  make  model  estimation  diffi¬ 
cult  because  these  2  ends  of  a  population  can  influence 
growth  more  than  the  part  of  a  population  at  median 
ages  (Campana,  2001).  The  younger  and  older  ends  of 
a  population  can  also  be  the  most  difficult  to  obtain 
because  of  increased  mortality  for  older  individuals, 
anadromous  species  being  collected  during  spawning 
runs  only  (as  in  this  study),  or  age  estimation  being 
hardest  for  these  categories  (Campana,  2001;  ASMFC, 
2012;  ASMFC8).  Even  in  this  study,  when  scales  were 
used  for  aging,  younger  individuals  were  overaged  and 
older  individuals  were  underaged. 

The  ASMFC  River  Herring  Ageing  Workshop  found 
that  participating  state  agencies  also  overaged  young¬ 
er  fish  and  underaged  older  fish  when  using  scales 
(ASMFC8).  Many  agencies  base  the  methods  for  using 
scales  to  age  river  herring  on  the  methods  developed 
by  Cating  (1953)  for  American  shad.  Marcy  (1969)  de¬ 
veloped  transverse  groove  counts  specific  to  river  her¬ 
ring  captured  in  Connecticut  based  on  Cating’s  (1953) 
method.  However,  this  method  does  not  take  geographi¬ 
cal  location  into  account  as  a  factor  on  fish  growth  and 
scale  formation  (Duffy  et  al.,  2011).  The  use  of  trans¬ 
verse  grooves,  outlined  by  Cating  (1953)  and  Marcy 
(1969),  to  determine  location  of  freshwater  zones  and 
the  first  3  years  of  age  resulted  in  inconsistencies  be¬ 


tween  ages  in  different  geographical  regions  within  the 
distribution  of  American  shad  (Duffy  et  al.,  2011).  Age 
validation  with  known-age  river  herring  needs  to  be 
completed  for  each  geographical  region  for  the  analysis 
of  scales  to  be  reliable  as  an  aging  technique  for  river 
herring  (ASMFC8).  The  ASMFC  River  Herring  Ageing 
Workshop  has  developed  protocols  to  standardize  aging 
techniques  and  has  started  a  reference  collection  for 
aging  structures  from  different  rivers  throughout  the 
East  Coast  of  the  United  States  (ASMFC8). 

Using  data  sets  with  biased  ages  can  result  in  poor 
population  modeling  and  conflicting  strategies  for  pop¬ 
ulation  management  (Beamish  and  McFarlane,  1987; 
Bertignac  and  de  Pontual,  2007;  Katsanevakis  and 
Maravelias,  2008;  Tyszko  and  Pritt,  2017;  Porta  et  al., 
2018).  Age  biases  can  influence  stock  assessment  by 
overestimating  or  underestimating  growth  or  mortality, 
affecting  policy  decisions  about  a  population  (Beamish 
and  McFarlane,  1987;  Katsanevakis  and  Maravelias, 
2008).  Alewife  in  this  study  were  more  likely  to  be  und¬ 
eraged  by  the  use  of  scales,  increasing  the  estimates  for 
growth  and  mortality  rates  (Beamish  and  McFarlane, 
1987).  Management  strategies  for  species  that  are  not 
growing  as  fast  as  models  indicate  can  lead  to  overfish¬ 
ing  practices.  Conversely,  blueback  herring  were  more 
often  overaged  when  scales  were  used  in  this  study. 
Therefore,  growth  and  mortality  predictions  could  be 
lower  than  real  levels,  possibly  limiting  the  ability  of 
management  agencies  to  track  how  reactive  a  popu¬ 
lation  is  to  fishing  changes  (Tyszko  and  Pritt,  2017). 
The  ages  presented  here  for  this  study  are  considered 
precise  between  readers  on  the  basis  of  the  ACV,  but 
there  was  no  way  to  determine  accuracy  without  the 
use  of  known-age  individuals.  Currently,  no  known-age 
samples  for  either  species  of  river  herring  are  available 
for  use  (ASMFC8). 

This  study  reveals  the  importance  of  validating  ag¬ 
ing  techniques  for  species  of  river  herring,  as  well  as  of 
continuing  to  monitor  the  ages  and  individual  growth 
rates  of  the  populations  of  alewife  and  blueback  her¬ 
ring.  Many  management  agencies  are  calling  for  an 
increase  in  run  counts  and  abundance  estimates  of 
these  populations  (ASMFC,  2012,  2017).  Documenting 
abundances  of  river  herring  is  only  a  small  component 
in  understanding  a  population  that  may  have  dramati¬ 
cally  changed  over  decades  because  of  overfishing  and 
degraded  habitats.  The  additional  age  and  growth  es¬ 
timates  completed  in  this  study  provide  information 
needed  in  the  ongoing  efforts  to  restore  the  once  great 
fisheries  that  targeted  these  species. 

Acknowledgments 

Comments  of  2  anonymous  reviewers  have  improved 
the  manuscript.  We  would  like  to  acknowledge  R.  Jones 
for  conception  of  the  monitoring  program  and  previous 
co-principal  investigator  R.  Kraus  for  collection  of  the 
samples  before  2011.  We  would  like  to  thank  M.  Og- 
burn,  C.  Ahn,  and  K.  Lewis  for  their  insight  into  this 


68 


Fishery  Bulletin  1 1  7(1-2) 


project.  Logistical  support  was  provided  by  J.  van  der 
Ham  and  B.  Bachman.  This  study  was  funded  by  Fair¬ 
fax  County  through  its  Department  of  Public  Works 
and  Environmental  Services  and  by  Alexandria  Renew 
Enterprises.  Mention  of  trade  names  or  commercial 
companies  does  not  imply  endorsement  by  the  Potomac 
Environmental  Research  and  Education  Center,  George 
Mason  University. 

Literature  cited 

Akaike,  H. 

1974.  A  new  look  at  the  statistical  model  identifica¬ 
tion.  IEEE  Trans.  Auto.  Control  19:716-723. 

Allen,  M.  S.,  and  D.  Gwinn. 

2013.  Population  models  for  assessment  and  management 
of  inland  striped  bass  fisheries.  Am.  Fish.  Soc.  Symp. 
80:351-364. 

ASMFC  (Atlantic  States  Marine  Fisheries  Commission). 

2012.  River  herring  benchmark  stock  assessment.  Stock 
Assess.  Rep.  12-02.  2  vols.  Atl.  States  Mar.  Fish. 
Comm.,  Washington,  D.C.  [Available  from  website.) 
2017.  River  herring  stock  assessment  update.  2  vols.  Atl. 
States  Mar.  Fish.  Comm.,  Washington,  D.C.  [Available 
from  website.] 

Beamish,  R.  J.,  and  G.  A.  McFarlane. 

1987.  Current  trends  in  age  determination  methodolo¬ 
gy.  In  Age  and  growth  of  fish  (R.  C.  Summerfelt  and  G. 
E.  Hall,  eds.),  p.  15-42.  Iowa  State  Univ.  Press,  Ames, 

IA. 

Bertignac,  M.,  and  H.  de  Pontual. 

2007.  Consequences  of  bias  in  age  estimation  on  assess¬ 
ment  of  the  northern  stock  of  European  hake  ( Merluccius 
merluccius)  and  on  management  advice.  ICES  J.  Mar. 
Sci.  64:981-988. 

Besler,  D.  A. 

1999.  Utility  of  scales  and  whole  otoliths  for  aging  large- 
mouth  bass  in  North  Carolina.  Proc.  Annu.  Conf.  SEA- 
WFA  53:119-129. 

Burnham,  K.  P,  and  D.  R.  Anderson. 

2002.  Model  selection  and  multimodel  inference:  a  prac¬ 
tical  information-theoretic  approach,  488  p.  Springer- 
Verlag,  New  York. 

Campana,  S.  E. 

2001.  Accuracy,  precision  and  quality  control  in  age  deter¬ 
mination,  including  a  review  of  the  use  and  abuse  of  age 
validation  methods.  J.  Fish  Biol.  59:197-242. 

Campana,  S.  E.,  and  J.  D.  Neilson. 

1985.  Microstructure  of  fish  otoliths.  Can.  J.  Fish. 
Aquat.  Sci.  42:1014-1032. 

Campana,  S.  E.,  M.  C.  Annand,  and  J.  I.  McMillan. 

1995.  Graphical  and  statistical  methods  for  determining 
the  consistency  of  age  determinations.  Trans.  Am.  Fish. 
Soc.  124:131-138. 

Cating,  J.  P. 

1953.  Determining  age  of  Atlantic  shad  from  their 
scales.  Fish.  Bull.  85:187-199. 

Cerrato,  R.  M. 

1990.  Interpretable  statistical  tests  for  growth  compari¬ 
sons  using  parameters  in  the  von  Bertalanffy  equa¬ 
tion.  Can.  J.  Fish.  Aquat.  Sci.  47:1416-1426. 

Darimont,  C.  T.,  S.  M.  Carlson,  M.  T.  Kinnison,  P.  C.  Paquet, 
T.  E.  Reimchen,  and  C.  C.  Wilmers. 

2009.  Human  predators  outpace  other  agents  of  trait 


change  in  the  wild.  Proc.  Natl.  Acad.  Sci.  U.S.A. 
106:952-954. 

Duffy,  W.  J.,  R.  S.  McBride,  S.  X.  Cadrin,  and  K.  Oliveira. 

2011.  Is  Cating’s  method  of  transverse  groove  counts  to  an¬ 
nuli  applicable  for  all  stocks  of  American  shad?  Trans. 
Am.  Fish.  Soc.  140:1023-1034. 

Dunton,  K.  J.,  A.  Jordaan,  D.  O.  Conover,  K.  A.  McKown,  L. 

A.  Bonacci,  and  M.  G.  Frisk. 

2015.  Marine  distribution  and  habitat  use  of  Atlantic 
sturgeon  in  New  York  lead  to  fisheries  interactions  and 
bycatch.  Mar.  Coast.  Fish.  7:18-32. 

Evans,  G.  T.,  and  J.  M.  Hoenig. 

1998.  Testing  and  viewing  symmetry  in  contingency  ta¬ 
bles,  with  application  to  readers  of  fish  ages.  Biomet¬ 
rics  54:620-629. 

Francis,  R.  I.  C.  C. 

1988.  Are  growth  parameters  estimated  from  tagging  and 
age-length  data  comparable?  Can.  J.  Fish.  Aquat.  Sci. 
45:936-942. 

Gompertz,  B. 

1825.  XXIV.  On  the  nature  of  the  function  expressive  of 
the  law  of  human  mortality,  and  on  a  new  mode  of  de¬ 
termining  the  value  of  life  contingencies.  Philos.  Trans. 
R.  Soc.  Lond.  115:513-583. 

Haddon,  M. 

2011.  Modelling  and  quantitative  methods  in  fisheries,  2nd 
ed.,  465  p.  CRC  Press,  Boca  Raton,  FL. 

Heino,  M. 

1998.  Management  of  evolving  fish  stocks.  Can.  J.  Fish. 
Aquat.  Sci.  55:1971-1982. 

Heino,  M.,  and  O.  R.  Godo. 

2002.  Fisheries-induced  selection  pressures  in  the  context 
of  sustainable  fisheries.  Bull.  Mar.  Sci.  70:639-656. 

Hightower,  J.  E.,  A.  M.  Wicker,  and  K.  M.  Endres. 

1996.  Historical  trends  in  abundance  of  American  shad 
and  river  herring  in  Albemarle  Sound,  North  Caroli¬ 
na.  North  Am.  J.  Fish.  Manage.  16:257-271. 

Hilborn,  R.,  and  C.  J.  Walters  (eds.). 

1992.  Quantitative  fisheries  stock  assessment:  choice, 
dynamics  and  uncertainty,  570  p.  Chapman  and  Hall, 
London. 

Hilborn,  R.,  and  M.  Mangel. 

1997.  The  ecological  detective:  confronting  models  with 
data,  336  p.  Princeton  Univ.  Press,  Princeton,  NJ. 

Jessop,  B.  M. 

1994.  Homing  of  alewives  (Alosa  pseudoharengus )  and 
blueback  herring  (A.  aestivalis)  to  and  within  the  Saint 
John  River,  New  Brunswick,  as  indicated  by  tagging 
data.  Can.  Tech.  Rep.  Fish.  Aquat.  Sci.  2015,  22  p. 

Jones,  P.  W.,  F.  D.  Martin,  and  J.  D.  Hardy  Jr. 

1978.  Development  of  fishes  of  the  mid-Atlantic  Bight: 
an  atlas  of  egg,  larval,  and  juvenile  stages.  Vol.  1: 
Acipenseridae  through  Ictaluridae,  366  p.  Biol.  Serv. 
Prog.,  U.S.  Fish  Wildl.  Serv.,  Washington,  D.C. 

Jones,  R.  C.,  D.  P.  Kelso,  and  E.  Schaeffer. 

2008.  Spatial  and  seasonal  patterns  in  water  quality  in 
an  embayment-mainstem  reach  of  the  tidal  freshwa¬ 
ter  Potomac  River,  USA:  a  multiyear  study.  Environ. 
Monit.  Assess.  147:351-375. 

Katsanevakis,  S.,  and  C.  D.  Maravelias. 

2008.  Modelling  fish  growth:  multi-model  inference  as  a 
better  alternative  to  a  priori  using  von  Bertalanffy  equa¬ 
tion.  Fish  Fish.  9:178-187. 

Klauda,  R.  J.,  S.  A.  Fischer,  L.  W.  Hall  Jr.,  and  J.  A.  Sullivan. 

1991.  Alewife  and  blueback  herring;  Alosa  pseudoharen- 


Schlick  and  de  Mutsert:  Growth  of  adult  river  herring  that  spawn  in  tributaries  of  the  Potomac  River 


69 


gus  and  Alosa  aestivalis.  In  Habitat  requirements  for 
Chesapeake  Bay  living  resources,  rev.  ed.  (S.  L.  Funder¬ 
burk,  J.  A.  Mihursky,  S.  J.  Jordan,  and  D.  Riley,  eds.), 
p.  10.11-10.29.  Living  Resour.,  Chesapeake  Bay  Prog., 
Annapolis,  MD. 

Laird,  A.  K. 

1964.  Dynamics  of  tumor  growth.  Br.  J.  Cancer 
18:490-502. 

Law,  R. 

2000.  Fishing,  selection,  and  phenotypic  evolution.  ICES 
J.  Mar.  Sci.  57:659-668. 

Loesch,  J.  G. 

1987.  Overview  of  life  history  aspects  of  anadromous  ale- 
wife  and  blueback  herring  in  freshwater  habitats.  Am. 
Fish.  Soc.  Symp.  1:89-103. 

Loesch,  J.  G.,  and  W.  A.  Lund. 

1977.  A  contribution  to  the  life  history  of  the  blue- 
back  herring,  Alosa  aestivalis.  Trans.  Am.  Fish.  Soc. 
106:583-589. 

Marcy,  B.  C.,  Jr. 

1969.  Age  determinations  from  scales  of  Alosa  pseudo- 
harengus  (Wilson)  and  Alosa  aestivalis  (Mitchill)  in 
Connecticut  waters.  Trans.  Am.  Fish.  Soc.  98:622- 
630. 

Messieh,  S.  N. 

1977.  Population  structure  and  biology  of  alewives  (Alosa 
pseudoharengus)  and  blueback  herring  (A.  aestivalis)  in 
the  Saint  John  River,  New  Brunswick.  Environ.  Biol. 
Fish.  2:195-210. 

Netzel,  J.,  and  E.  Stanek. 

1966.  Some  biological  characteristics  of  blueback  her¬ 
ring  and  alewife  from  Georges  Bank,  July  and  Octo¬ 
ber,  1964.  Inti.  Comm.  Northwest  Atl.  Fish.  Res.  Bull. 
3:106-110. 

Ogle,  D.  H. 

2015.  Age  comparisons.  In  Introductory  fisheries  analy¬ 
ses  with  R,  p.  75-86.  CRC  Press,  Boca  Raton,  FL. 

Porta,  M.  J.,  R.  A.  Snow,  and  D.  E.  Shoup. 

2018.  Comparison  of  saugeye  age  estimates  and  population 
characteristics  using  otoliths  and  dorsal  spines.  JSEA- 
WFA  5:23-29. 

Quinn,  T.  J.,  and  R.  B.  Deriso. 

1999.  Quantitative  fish  dynamics,  560  p.  Oxford  Univ. 
Press,  New  York. 

Ratkowsky,  D.  A. 

1986.  Statistical  properties  of  alternative  parameteriza- 
tions  of  the  von  Bertalanffy  growth  curve.  Can.  J.  Fish. 
Aquat.  Sci.  43:742-747. 


Richards,  F.  J. 

1959.  A  flexible  growth  function  for  empirical  use.  J. 
Exp.  Bot.  10:290-301. 

Ricker,  W.  E. 

1975.  Computation  and  interpretation  of  biological  sta¬ 
tistics  of  fish  populations.  Bull.  Fish.  Res.  Board  Can. 
191,  382  p. 

Ricker,  W.  E. 

1981.  Changes  in  the  average  size  and  average  age  of 
Pacific  salmon.  Can.  J.  Fish.  Aquat.  Sci.  38:1636- 
1656. 

Schlick,  C.  J.  C. 

2016.  Life  history  traits  and  population  dynamics  of 
river  herring,  alewife  Alosa  pseudoharengus  and  blue- 
back  herring  Alosa  aestivalis  in  Potomac  River  tributar¬ 
ies.  Ph.D.  diss.,  254  p.  George  Mason  Univ.,  Fairfax, 
VA.  [Available  from  website.] 

Thorpe,  J.  E. 

1993.  Impacts  of  fishing  on  genetic  structure  of  salmonid 
populations.  In  Genetic  conservation  of  salmonid  fishes 
(J.  G.  Cloud  and  G.  H.  Thorgaard,  eds.),  p.  67-80.  Ple¬ 
num  Press,  New  York. 

Trippel,  E.  A. 

1995.  Age  at  maturity  as  a  stress  indicator  in  fisheries: 
biological  processes  related  to  reproduction  in  northwest 
Atlantic  groundfish  populations  that  have  undergone  de¬ 
clines.  BioScience  45:759-771. 

Tuckey,  T.  D.,  and  J.  E.  Olney. 

2010.  Maturity  schedules  of  female  American  shad  vary 
at  small  spatial  scales  in  Chesapeake  Bay.  North  Am. 
J.  Fish.  Manage.  30:1020-1031. 

Tyszko,  S.  M.,  and  J.  J.  Pritt. 

2017.  Comparing  otoliths  and  scales  as  structures  used  to 
estimate  ages  of  largemouth  bass:  consequences  of  biased 
age  estimates.  North  Am.  J.  Fish.  Manage.  37:1075- 
1082. 

von  Bertalanffy,  L. 

1938.  A  quantitative  theory  of  organic  growth  (inquiries 
on  growth  laws.  II).  Hum.  Biol.  10:181-213. 

Wang,  H.-Y.,  and  T.  O.  Hook. 

2009.  Eco-genetic  model  to  explore  fishing-induced  ecolog¬ 
ical  and  evolutionary  effects  on  growth  and  maturation 
schedules.  Evol.  Appl.  2:438-455. 

Wharton,  J. 

1957.  The  bounty  of  the  Chesapeake,  78  p.  Univ.  Press 
Virg.  Charlottesville,  VA. 

Zweifel,  J.  R.,  and  R.  Lasker. 

1976.  Prehatch  and  posthatch  growth  of  fishes — a  general 
model.  Fish.  Bull.  74:609-621. 


70 


National  Marine 
Fisheries  Service 

NQAA 


Fishery  Bulletin 

n*  established  in  1881  ■<?. 


Spencer  F.  Baird 

First  U  S.  Commissioner 
of  Fisheries  and  founder 
of  Fishery  Bulletin 


Presence  of  a  resting  population  of  female 
porbeagles  (Lamna  nasus),  indicating  a 
biennial  reproductive  cycle,  in  the  western 
North  Atlantic  Ocean 


Email  address  for  contact  author:  lisa.natanson@noaa.gov 


Abstract — The  porbeagle  (Lamna 
nasus )  is  a  slow-growing,  late-ma¬ 
turing,  long-lived  pelagic  shark  that 
inhabits  cold  temperate  waters.  Pre¬ 
vious  research  based  on  specimens 
collected  from  the  western  North 
Atlantic  Ocean  has  indicated  that 
this  lamnid  shark  has  an  annual 
reproductive  cycle.  However,  the  re¬ 
sults  of  a  recent  evaluation  of  repro¬ 
ductive  tracts  from  a  geographically 
segregated  group  of  porbeagles  with¬ 
in  the  western  North  Atlantic  Ocean 
indicate  the  presence  of  females  in  a 
resting  stage  of  maturity.  The  obser¬ 
vation  of  a  resting  stage  has  impli¬ 
cations  not  only  in  the  reproductive 
cycle,  biennial  versus  annual,  of  this 
species  but  also  in  the  lifetime  pro¬ 
ductivity.  This  finding  indicates  that 
this  shark  follows  the  typical  lamnid 
resting  period  between  pregnancies, 
a  period  that  would  decrease  the 
lifetime  output  of  young  sharks  and 
their  resilience  to  direct  and  indirect 
fishing  pressure. 


Manuscript  submitted  9  October  2018. 
Manuscript  accepted  8  March  2019. 

Fish.  Bull.  117:70-77  (2019). 

Online  publication  date:  25  March  2019. 
doi:  10.7755/FB. 117.1-2.8 

The  views  and  opinions  expressed  or 
implied  in  this  article  are  those  of  the 
author  (or  authors)  and  do  not  necessarily 
reflect  the  position  of  the  National 
Marine  Fisheries  Service,  NOAA. 


Lisa  J.  Natanson  (contact  author)1 
Bethany  M.  Deacy2 
Warren  Joyce3 
James  Sulikowski4 


1  Northeast  Fisheries  Science  Center 
National  Marine  Fisheries  Service,  NOAA 
28  Tarzwell  Drive 

Narragansett,  Rhode  Island  02882 

2  Riverside  Technologies,  Inc. 

for  National  Marine  Fisheries  Service,  NOAA 
3500  Delwood  Beach  Road 
Panama  City,  Florida  32408 


The  porbeagle  (Lamna  nasus),  a  pe¬ 
lagic  shark  in  the  family  Lamnidae, 
inhabits  the  cold  temperate  waters  of 
the  North  and  South  Atlantic,  South 
Pacific,  and  southern  Indian  Oceans 
as  well  as  the  subantarctic  region  of 
the  Southern  Ocean  (Castro,  2011). 
In  the  western  North  Atlantic  Ocean, 
the  porbeagle  ranges  from  the  Grand 
Banks  of  Newfoundland,  Canada,  to 
the  Gulf  of  Maine  and  rarely  south  to 
New  Jersey  (Castro,  2011).  Seasonal 
abundance  is  related  to  north-south 
migrations  and  reproductive  stage 
(Aasen1;  Aasen,  1963;  Campana  et 
al.,  2008;  Campana  et  ah,  2010a). 
Reproductive  migrations  are  indicat¬ 
ed  by  the  occurrence  of  both  mature 
males  and  mature  females  off  the 
Grand  Banks  of  Newfoundland  in 
fall  for  mating  (Jensen  et  ah,  2002). 
Juveniles  are  found  along  the  en¬ 
tire  range,  but  a  presumed  nursery 
area  is  located  in  the  Gulf  of  Maine 


1  Aasen,  O.  1961.  Some  observations 
on  the  biology  of  the  porbeagle  shark 
( Lamna  nasus  L.).  ICES  C.M.  Docu¬ 
ment  1961/109,  7  p. 
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(senior  author,  unpubl.  data;  J.  Su¬ 
likowski,  unpubl.  data)  and  the  loca¬ 
tion  of  a  pupping  ground  has  been 
reported  to  be  in  the  Sargasso  Sea 
(Campana  et  ah,  2010b).  Like  most 
large  elasmobranchs,  the  porbeagle 
is  slow  growing  and  long  lived  (over 
25  years)  and  has  a  relatively  late 
age  at  maturity  (8  years  for  males 
and  13  years  for  females),  traits  that 
make  this  species  vulnerable  to  over- 
exploitation  and  population  depletion 
by  direct  and  indirect  fisheries  (Na¬ 
tanson  et  ah,  2002). 

In  the  western  North  Atlantic 
Ocean,  commercial  fisheries  that  tar¬ 
get  porbeagles  have  existed  since  the 
1960s,  but  catches  rapidly  declined 
in  the  latter  part  of  that  decade 
(Aasen1;  Aasen,  1963;  Campana  et 
al.2).  In  the  1990s,  Canadian  fisher- 


2  Campana,  S.,  L.  Marks,  W.  Joyce,  and  S. 
Harley.  2001.  Analytical  assessment 
of  the  porbeagle  shark  (Lamna  nasus) 
population  in  the  Northwest  Atlantic, 
with  estimates  of  long-term  sustainable 
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Map  showing  the  areas  used  by  female  porbeagles  (Lamna  na¬ 
sus)  in  different  stages  of  maturity.  The  Grand  Banks  of  New¬ 
foundland  and  the  Gulf  of  Saint  Lawrence,  Canada,  form  a  re¬ 
ported  mating  area  for  porbeagles  (Jensen  et  ah,  2002).  A  por¬ 
tion  of  the  Sargasso  Sea  has  been  identified  as  a  pupping  area 
(Campana  et  al.,  2010b),  and  Stellwagen  Bank  is  an  area  where 
females  in  a  resting  stage  have  been  captured  (this  study).  A 
portion  of  Georges  Bank  has  been  identified  as  a  possible  resting 
or  mating  area  (Campana  et  al.,  2010b;  this  study).  Also  shown 
are  other  locations  where  specimens  were  captured  in  this  study. 


quires  a  large  ovary  with  relatively  high  oocyte 
production  and  high  ovulation  rates  (Gilmore 
et  al.,  2005).  In  the  strictly  oophagous  species, 
such  as  the  shortfin  mako  ( Isurus  oxyrinchus ) 
and  the  common  thresher  shark  ( Alopias  vul- 
pinus),  multiple  embryos  per  uterus,  long  ges¬ 
tation  periods,  and  long  resting  periods  (the 
period  between  parturition  and  the  next  preg¬ 
nancy)  with  1  or  2  years  between  pregnancies 
is  typical  (Mollet  et  al.,  2000;  Gilmore  et  al., 
2005;  Natanson  and  Gervelis,  2013). 

Jensen  et  al.  (2002)  conducted  a  study  on  the 
reproduction  of  the  porbeagle  in  the  western 
North  Atlantic  Ocean,  assessing  sharks  taken 
by  the  U.S.  and  Canadian  commercial  fishing 
industries  and  scientific  research  surveys  in 
the  late  1990s.  The  sampling  for  that  study 
took  place  from  the  Grand  Banks  of  Newfound¬ 
land  to  the  Scotian  Shelf  and  into  the  Gulf  of 
Maine.  Jensen  et  al.  (2002)  demonstrated  that 
the  majority  of  mature  females  caught  in  the 
Grand  Banks  portion  of  the  study  area  (87  of 
88  porbeagles  examined)  were  gravid  after  No¬ 
vember.  On  the  basis  of  the  observation  that  all 
mature  female  porbeagles  are  pregnant  in  fall 
in  these  areas,  Jensen  et  al.  (2002)  suggested 
that,  contrary  to  the  reproduction  of  most  oth¬ 
er  lamnids,  the  reproductive  cycle  for  the  por¬ 
beagle  is  annual.  In  this  paper,  we  report  the 
previously  undocumented  presence  of  females 
in  a  resting  stage  of  maturity.  This  discovery 
indicates  that  porbeagles  exhibit  a  biennial  re¬ 
productive  cycle  rather  than  an  annual  cycle 
in  the  western  North  Atlantic  Ocean,  substan¬ 
tially  decreasing  their  resilience  to  direct  and 
indirect  fishing  pressures. 


men  began  a  limited  fishery  on  porbeagles.  In  an  at¬ 
tempt  to  avoid  overfishing,  the  government  of  Canada 
imposed  catch  quotas  for  the  commercial  porbeagle 
fishery  from  1995  into  the  early  2000s  through  the 
Canadian  Atlantic  Pelagic  Shark  Integrated  Fisher¬ 
ies  Management  Plan  (Campana  et  al.2).  In  2013,  the 
fishery  for  porbeagles  was  closed  in  Atlantic  Canada 
(Campana  et  al.3).  Similarly,  in  2008,  the  National 
Marine  Fisheries  Service  implemented  Amendment  2 
to  the  Consolidated  Atlantic  Highly  Migratory  Species 
Fishery  Management  Plan  (NMFS,  2007),  which  sig¬ 
nificantly  reduced  landings  of  porbeagles  by  U.S.  com¬ 
mercial  fisheries  (Curtis  et  al.,  2016). 

Reproduction  of  lamnid  sharks  is  distinct  from  that 
of  the  majority  of  other  elasmobranchs  (Gilmore  et  al., 
2005).  One  unifying  characteristic  for  this  group  is 
oophagy,  as  a  means  of  embryonic  nutrition,  which  re- 


3  Campana,  S.  E.,  M.  Fowler,  D.  Houlihan,  W.  Joyce,  M.  Show- 
ell,  M.  Simpson,  C.  Miri,  and  M.  Eagles.  2015.  Recovery 
Potential  Assessment  for  Porbeagle  (Lamna  nasus )  in  Atlan¬ 
tic  Canada.  Dep.  Fish.  Oceans,  Can.  Sci.  Advis.  Seer.  Res. 
Doc.  2015/041,  45  p.  [Available  from  website.] 


Materials  and  methods 

Porbeagles  were  collected  primarily  from  recreational 
fishermen  at  sportfishing  tournaments  held  off  Massa¬ 
chusetts  and  caught  in  the  general  vicinity  of  Stellwagen 
Bank  or  off  Cape  Cod  (n- 23;  Fig.  1).  A  small  number  of 
porbeagles  were  captured  on  pelagic  longlines  onboard 
a  U.S.  commercial  fishing  vessel  off  the  Grand  Banks 
of  Newfoundland  (n= 3).  Sampling  took  place  between 
2004  and  2018.  Additionally,  data  collected  from  por¬ 
beagle  specimens  captured  between  the  Grand  Banks 
of  Newfoundland  and  Georges  Bank  prior  to  2004,  and 
used  in  Jensen  et  al.  (2002),  were  reexamined. 

Each  shark  was  measured  in  fork  length  (FL),  over 
the  curve  of  the  body  from  the  tip  of  the  nose  to  the 
fork  of  the  tail,  to  the  nearest  millimeter  and  reported 
in  centimeters.  Whole  weight  was  obtained  when  pos¬ 
sible  to  the  nearest  pound  and  converted  to  kilograms. 

A  number  of  measurements  and  weights  and  infor¬ 
mation  on  conditions  were  taken  from  reproductive  or¬ 
gans  in  female  porbeagles  to  determine  maturity  stage. 
All  specimens  were  measured  fresh.  Reproductive 
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Table  1 

Indices  used  to  determine  basic  maturity  in  female  porbeagles  ( Lamna  nasus) 
based  on  data  from  Jensen  et  al.  (2002)  for  female  porbeagles  caught  between 
Georges  Bank  and  the  Grand  Banks  of  Newfoundland,  Canada,  during  1979-1999. 
Adapted  from  Walker  (2005b;  table  4.1). 

Organ 

Index 

Description 

Maturity  classification 

Upper  oviduct 

UO-1 

<4.9  mm 

Immature 

UO-2 

>5  to  <7  mm 

Uncertain 

UO-3 

>7  mm 

Mature 

Oviducal  gland 

OG-1 

<21  mm 

Immature 

OG-2 

>21  to  <24  mm 

Uncertain 

OG-3 

>24  mm 

Mature 

Ovary  length 

OL-1 

<104  mm 

Immature 

OL-2 

>104  to  <121  mm 

Uncertain 

OL-3 

>121  mm 

Mature 

Ovary  width 

OW-1 

<75.0  mm 

Immature 

OW-2 

>75.0  to  <86.6  mm 

Uncertain 

OW-3 

>86.6  mm 

Mature 

Uterus  length  (total) 

UL-1 

<343  mm 

Immature 

UL-2 

>343  to  <475  mm 

Uncertain 

UL-3 

>475  mm 

Mature 

Uterus  width 

UW-1 

<26  mm 

Immature 

UW-2 

>26  to  <43  mm 

Uncertain 

UW-3 

>43  mm 

Mature 

Membrane 

Present 

Immature 

Absent 

Mature 

tracts  were  measured  on  the  right  side  of  the  specimen 
following  Pratt  (1979,  1993,  1996)  and,  specifically  for 
the  porbeagle,  Jensen  et  al.  (2002).  Terminology  follows 
Hamlett  and  Koob  (1999)  and  Hamlett  (1999),  except 
where  noted. 

Reproductive  organ  measurements,  taken  to  the 
nearest  millimeter  and  at  the  widest  part  of  the  struc¬ 
ture,  included  anterior  oviduct  width,  oviducal  gland 
width,  ovary  width  and  length,  and  uterus  width  and 
length.  As  per  Jensen  et  al.  (2002),  2  measurements 
were  taken  on  the  uterus:  1)  from  the  anterior  origin 
of  the  uterus  to  the  vagina  and  2)  from  the  anterior 
origin  of  the  uterus  to  the  junction  of  the  uteri  (see 
fig.  IB  in  Jensen  et  al.,  2002).  Uterus  width  was  taken 
midway  along  the  anterior  portion  of  the  uterus  (see 
fig.  IB  in  Jensen  et  al.,  2002).  For  each  ovary,  oocytes 
were  classified  as  mature  if  they  contained  yellow,  vi¬ 
tellogenic  material.  The  largest  oocyte  was  measured 
in  the  field. 

Males  and  females  were  classified  as  immature  or 
mature,  and  mature  females  were  further  divided  into 
4  stages:  ovulating,  pregnant,  postpartum,  and  resting. 
Using  data  from  Jensen  et  al.  (2002),  we  developed  cri¬ 
teria  for  basic  maturity  classification  (Table  1).  Prior 
mating  activity  was  assessed  on  the  basis  of  the  pres¬ 
ence  (immature)  or  absence  (mature)  of  a  vaginal  mem¬ 


brane  (hymen),  and  whether  mating  occurred  recently 
was  assessed  on  the  basis  of  presence  or  absence  of  in¬ 
ternal  and  external  mating  scars.  The  maturity  stages 
of  females  were  further  determined  by  dissection:  indi¬ 
cations  of  past  pregnancy  included  flaccid  uteri  (Pratt, 
1979)  and  reduced  ovaries  with  few  mature  or  matur¬ 
ing  oocytes.  Individuals  that  appeared  to  have  given 
birth  in  the  current  year  were  classified  as  postpartum, 
and  those  that  had  given  birth  but  not  recently  were 
considered  to  be  in  a  resting  stage.  A  recently  post¬ 
partum  specimen  was  characterized  by  the  presence  of 
flocculent  material  consistent  with  portions  of  nutritive 
capsules  along  with  milky  uterine  fluid  (Gilmore  et  al., 
2005);  the  uteri  of  a  postpartum  fish  are  very  flaccid, 
and  trophonemata  are  present  (Natanson  and  Gervelis, 
2013).  Postpartum  ovaries  are  generally  large,  hema- 
tose,  and  contain  atretic  oocytes. 

Resting  ovaries  are  often  similar  in  appearance  to 
the  ovaries  of  almost  mature  juvenile  sharks.  It  is, 
therefore,  difficult  to  stage  these  fish  by  ovary  condi¬ 
tion  alone,  and  other  organ  characteristics  must  be 
taken  into  account  (Natanson  and  Gervelis,  2013).  A 
late  juvenile  fish  has  a  thin  tubular  uterus  in  contrast 
to  the  wider,  slightly  flaccid  appearance  of  the  rest¬ 
ing  uterus  (previously  expanded  and  then  recovered) 
of  adults.  Additionally,  a  late-stage  juvenile  fish  has  a 
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Table  2 

Collection  data  for  female  porbeagles  ( Lamna  nasus )  caught  between  2004  and  2018  off  Massachusetts,  in  the  general  vicin¬ 
ity  of  Stellwagen  Bank  or  off  Cape  Cod,  and  off  the  Grand  Banks  of  Newfoundland,  Canada.  All  organ  measurements  are 
presented  in  millimeters  unless  otherwise  noted.  A  dash  indicates  that  there  were  no  data  for  a  field.  A  single  asterisk  (*)  in¬ 
dicates  that  the  fish  was  abnormally  thin,  its  organs  were  small  for  its  length,  and  it  was  not  used  in  analysis.  Two  asterisks 
(**)  indicate  that  the  fish  was  classified  as  postpartum.  T=tournament;  CFV=commercial  fishing  vessel;  RFV=recreational 
fishing  vessel. 


Maturity 

status 

Date 

captured 

Source 

Fork 

length 

(cm) 

Weight 

(kg) 

Upper 

oviduct 

width 

Oviducal 

gland 

width 

Uterus 
Uterus  length 
width  (upper) 

Uterus 

length 

(total) 

Ovary 

width 

Ovary 

length 

Maximum 
yolked  egg 
diameter 

Membrane 

Ovary 

weight 

(g) 

Juvenile 

7/15/2017 

T 

202.0 

120.2 

4.8 

6.5 

8.3 

190 

260 

42.3 

71.7 

none 

Present 

99 

7/15/2016 

T 

204.1 

104.3 

3.2 

5.3 

8.3 

235 

Unk 

55.3 

53.5 

none 

Present 

73 

9/8/2016 

CFV 

215.7 

§§j 

8.6 

23.1 

46.3 

270 

520 

130.0 

180.0 

4.0 

Present 

264 

7/16/2016 

T 

218.2 

173.7 

6.5 

7.6 

30.4 

170 

325 

100.5 

107.2 

4.7 

Present 

158 

7/20/2013 

T 

219.4 

141.5 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

7/20/2013 

T 

221.4 

142.0 

6.5 

19.5 

19.8 

- 

430 

85.0 

135.0 

none 

Present 

- 

7/13/2018* 

T 

234.7 

151.0 

4.2 

5.2 

10.0 

210 

320 

73.3 

87.2 

none 

Present 

98 

Adult 

7/13/2018 

T 

215.3 

152.9 

9.0 

23.2 

35.5 

235 

435 

120.0 

150.0 

none 

Absent 

204 

7/18/2008 

T 

217.5 

150.6 

12.3 

24.5 

41.4 

Unk 

460 

109.0 

158.0 

3.0 

Absent 

- 

7/22/2006 

T 

221.0 

146.5 

8.3 

25.0 

53.8 

240 

440 

130.0 

160.0 

3.1 

Absent 

340 

7/25/2009 

T 

223.0 

163.7 

9.5 

28.9 

49.7 

210 

440 

128.0 

180.0 

3.0 

Absent 

463 

7/18/2015 

T 

224.4 

160.6 

9.0 

20.9 

35.9 

190 

440 

115.0 

160.0 

none 

Absent 

- 

7/14/2017 

T 

227.0 

152.4 

8.3 

18.8 

26.4 

240 

470 

160.0 

158.0 

none 

Absent 

335 

7/16/2005 

T 

231.0 

171.5 

7.0 

20.9 

59.5 

310 

550 

165.0 

210.0 

3.5 

Absent 

545 

8/20/2011 

T 

233.0 

181.4 

9.6 

24.3 

64.4 

350 

500 

120.0 

180.0 

3.5 

Absent 

319 

7/20/2013 

T 

234.2 

177.4 

6.0 

22.2 

58.8 

- 

471 

140.0 

160.0 

none 

Absent 

- 

7/14/2017 

T 

237.7 

181.0 

8.4 

28.7 

53.8 

270 

512 

150.0 

150.0 

none 

Absent 

321 

7/15/2005 

T 

238.0 

171.5 

11.3 

24.4 

75.8 

290 

470 

150.0 

210.0 

3.2 

Absent 

448 

7/17/2004 

T 

239.0 

181.4 

7.6 

27.7 

62.9 

250 

320 

132 

195 

3.3 

Absent 

445 

7/22/2011 

T 

241.0 

224.5 

14.5 

22.4 

115.0 

290 

530 

145.0 

180.0 

none 

Absent 

668 

7/17/2015 

T 

241.0 

196.0 

8.3 

18.6 

74.2 

250 

485 

143.0 

225.0 

none 

Absent 

700 

9/20/2016 

CFV 

244.2 

11.7 

19.0 

70.4 

330 

569 

150.0 

160.0 

<i 

Absent 

394 

7/20/2012 

T 

247.0 

199.6 

7.3 

23.7 

60.8 

270 

515 

110.0 

190.0 

5.2 

Absent 

328 

9/7/2012** 

T 

247.6 

272.5 

7.4 

32.3 

140.0 

355 

- 

165.0 

252.0 

4.0 

- 

- 

9/20/2015 

RFV 

248.0 

219.1 

9.6 

32.5 

100.3 

390 

575 

130.0 

200.0 

4.0 

— 

650 

vaginal  membrane,  an  indication  that  it  had  not  previ¬ 
ously  mated  (mature  virgin  stage;  Jensen  et  al.,  2002), 
and  a  resting  female  has  had  prior  mating  experience 
and  no  vaginal  membrane.  A  resting  fish,  as  opposed 
to  a  recently  postpartum  fish,  has  recovered  uteri,  and 
its  ovary  no  longer  contains  atretic  oocytes;  nor  is  its 
ovary  hematose.  The  resting  ovary  has  small,  mostly 
non-yolked  oocytes  and  is  ready  for  vitellogenesis.  In 
our  study,  maturity  status  of  both  sexes  was  assigned 
to  each  shark,  at  the  time  of  dissection,  on  the  basis 
of  all  previously  described  reproductive  organ  charac¬ 
teristics  and  was  verified  by  comparison  with  measure¬ 
ments  taken  by  Jensen  et  al.  (2002)  (Table  1;  Suppl. 
Figs.  1—3)  (online  only). 

Data  from  Jensen  et  al.  (2002)  were  reevaluated  to 
determine  whether  resting  females  had  been  classified 
as  adult  without  distinguishing  the  specific  condition 
or  maturity  stage  (i.e.,  resting  versus  pregnant).  To 
attempt  to  determine  stage,  reproductive  organ  mea¬ 
surements  from  adult  females  not  classified  as  either 
pregnant  or  ovulating  were  compared  with  those  ob¬ 


tained  from  known  resting  females.  Additionally,  notes 
taken  at  the  time  of  dissection  were  used  in  evaluat¬ 
ing  the  specific  adult  stage.  Because  it  was  known  that 
these  fish  were  adults,  the  distinction  between  stages 
had  to  be  made  between  resting  and  ready-to-mate  fe¬ 
males;  therefore,  the  condition  of  the  ovary,  including 
maximum  oocyte  size,  was  the  primary  consideration. 
Only  those  fish  for  which  their  maturity  stage  could  be 
firmly  classified  were  used  (i.e.,  specimens  for  which 
ovary  data  were  not  available  were  not  reevaluated). 

Results 

Complete  reproductive  necropsies  were  conducted  on  26 
female  porbeagles  (202.0-248.0  cm  FL),  of  which  7  fish 
were  immature  (202.0-234.7  cm  FL).  Of  the  remaining 
19  mature  individuals,  1  porbeagle  (247.6  cm  FL)  was 
postpartum  and  18  individuals  were  in  a  resting  stage 
(215.3-248.0  cm  FL;  Table  2).  The  resting  females  ex¬ 
amined  in  this  study  had  recovered  uteri  and  ovaries 
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Figure  2 

Photographs  of  the  resting  and  ovulating  stages  of  maturity  in 
the  porbeagle  ( Larnna  nasus).  (A)  Ovary  from  a  248-cm-FL  resting 
female  caught  in  late  September  2016  at  the  Grand  Banks  of  New¬ 
foundland,  Canada.  (B)  Ripe  ovary  from  a  249-cm-FL  ovulating 
female  caught  in  November  1999  at  Saint  Pierre  Island,  Canada. 
For  reference,  10-mm  scale  bars  are  included. 


that  had  few  small  follicles  (Fig.  2A),  compared  with 
a  ripe  ovary  with  many  large  oocytes  (Fig.  2B).  Four¬ 
teen  females  that  were  in  the  resting  stage  and  caught 
on  Stellwagen  Bank  were  examined  between  July  and 
September  (Fig.  1).  In  addition,  2  sharks  in  the  resting 
stage  were  caught  east  and  south  of  Cape  Cod,  Nan¬ 
tucket,  and  Martha’s  Vineyard  in  July,  and  2  sharks 
in  the  resting  stage  were  taken  on  the  Grand  Banks 
of  Newfoundland  in  September  (Fig.  1).  Three  mature 
and  2  immature  male  porbeagles  also  were  caught  in 
the  Gulf  of  Maine-Stellwagen  Bank  area  during  sam¬ 
pling  for  this  study  but  will  not  be  discussed. 

Data  from  Jensen  et  al.  (2002)  for  20  adult  females 
were  reexamined  by  using  the  staging  criteria  from  our 


study  (Table  1).  For  3  of  these  females,  enough  data 
were  not  available.  Of  the  remaining  17  reexamined 
porbeagles,  2  females  were  postpartum,  1  fish  was 
ready  to  ovulate,  9  individuals  were  ovulating,  and 
5  females  were  resting  (Table  3).  The  5  porbeagles 
in  a  resting  stage  were  caught  in  July  on  Cultivator 
Shoals,  located  on  Georges  Bank  (n=l);  in  October  on 
the  Grand  Banks  of  Newfoundland  (n= 1);  and  in  April 
on  the  Scotian  Shelf  east  of  La  Have  Bank  (n=3).  This 
result  indicates  segregation  of  females  in  different  ma¬ 
turity  stages  by  time  and  location  when  compared  with 
data  from  Jensen  et  al.  (2002),  who  caught  gravid  and 
ovulating  females  primarily  east  of  longitude  62°W, 
particularly  in  the  area  of  the  Grand  Banks  of  New- 
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Table  3 

Data  from  Jensen  et  al.  (2002)  reevaluated  for  this  study  for  porbeagles  ( Lamna  nasus)  captured  between  1989  and  1999 
in  the  general  vicinity  of  Georges  Bank  to  off  the  Grand  Banks  of  Newfoundland,  Canada.  All  organ  measurements  are 
presented  in  millimeters  unless  otherwise  noted.  The  vaginal  membrane  was  absent  in  all  of  these  specimens.  A  dash 
indicates  that  there  were  no  data  for  a  field. 


Maturity  status 

Date 

captured 

Fork 

length 

(cm) 

Weight 

(kg) 

Upper 

oviduct 

width 

Oviducal 

gland 

width 

Uterus 

width 

Uterus 

length 

(upper) 

Uterus 

length 

(total) 

Ovary 

width 

Ovary 

length 

Maximum 
yolked  egg 
diameter 

Resting 

7/19/1989 

240.0 

172.4 

10.0 

27.0 

_ 

_ 

_ 

75.0 

195.0 

2.5 

4/2/1994 

220.0 

- 

8.0 

25.0 

- 

320.0 

- 

120.0 

155.0 

2.0 

4/6/1994 

218.0 

- 

8.0 

29.0 

- 

370.0 

- 

80.0 

180.0 

2.0 

4/7/1994 

231.0 

- 

- 

31.0 

- 

340.0 

- 

110.0 

150.0 

3.0 

10/23/1993 

244.0 

- 

- 

28.0 

- 

- 

- 

110.0 

150.0 

1.0 

Ready  to  ovulate 

11/26/1999 

217.0 

128.0 

11.3 

37.2 

37.5 

160.0 

450.0 

135.0 

175.0 

6.0 

Ovulating 

10/2/1999 

234.0 

155.0 

9.0 

30.0 

42.0 

184.0 

435.0 

139.0 

153.0 

4.0 

9/28/1999 

228.5 

- 

5.0 

28.0 

39.0 

235.0 

535.0 

126.0 

177.0 

6.0 

5/20/1999 

230.5 

118.5 

6.0 

21.0 

48.0 

235.0 

514.0 

122.0 

169.0 

3.0 

10/11/1999 

221.0 

- 

9.0 

35.0 

36.0 

205.0 

470.0 

180.0 

193.0 

6.0 

5/18/1999 

240.0 

144.0 

6.0 

24.0 

54.0 

228.0 

514.0 

111.0 

148.0 

- 

10/2/1999 

248.0 

8.0 

35.0 

30.0 

160.0 

515.0 

142.0 

181.0 

4.0 

5/18/1999 

229.5 

135.0 

9.0 

23.0 

39.0 

292.0 

605.0 

112.0 

136.0 

4.0 

6/1/1999 

228.0 

118.5 

8.0 

21.0 

51.0 

236.0 

615.0 

134.0 

169.0 

5.0 

5/6/1999 

241.0 

- 

26.5 

65.0 

465.0 

820.0 

135.0 

230.0 

4.0 

Postpartum 

5/5/1999 

230.0 

132.0 

8.0 

24.0 

54.0 

336.0 

568.0 

147.0 

165.0 

4.2 

5/6/1997 

221.2 

- 

8.7 

26.9 

- 

530.0 

- 

140.0 

170.0 

- 

Unable  to  be 

6/2/1999 

216.0 

- 

- 

21.0 

- 

- 

- 

130.0 

152.0 

- 

determined 

5/6/1999 

233.0 

145.0 

7.0 

21.5 

38.5 

296.0 

580.0 

114.0 

130.0 

- 

4/8/1999 

214.0 

— 

7.5 

21.5 

26.0 

182.0 

343.0 

104.0 

— 

foundland  and  the  mouth  of  the  Saint  Lawrence  River 
(Fig.  2;  Jensen  et  al.,  2002). 

Discussion 

An  essential  component  for  assessing  and  managing 
populations  of  sharks  is  determining  each  species’  re¬ 
productive  biology  (e.g.,  when  sexual  maturity  occurs, 
the  timing  of  seasonal  cycles,  or  gestation  length) 
(Walker,  2005a,  2005b).  However,  variability  in  these 
important  reproductive  parameters  has  been  shown 
to  occur  within  species  (e.g.,  Lombardi-Carlson  et  al., 
2003;  Sulikowski  et  al.,  2007;  Castro,  2009;  Driggers 
and  Hoffmayer,  2009),  complicating  the  management 
process.  Therefore,  because  of  the  importance  of  repro¬ 
ductive  data  as  inputs  in  demographic  and  population 
models  (Cortes,  2002),  it  is  imperative  to  accurately  de¬ 
scribe  the  life  history  of  a  species  throughout  its  range. 

Castro  (2009)  describes  the  complexities  of  the  typi¬ 
cal  biennial  reproductive  cycle  of  the  sand  tiger  (Car- 
charias  taurus),  a  lamnid  species  that  inhabits  sub¬ 
tropical  and  temperate  waters  worldwide.  It  has  been 
suggested  that  this  species  has  a  biennial  cycle  with 
consecutive  vitellogenesis  and  gestation  and  with  dis¬ 
continuous  ovulation  in  specimens  captured  in  waters 
of  Australia  and  the  southwest  Atlantic  Ocean  (Luci- 


fora  et  al.,  2002;  Bansemer,  2009).  However,  in  North 
America,  information  on  reproductive  cycle  is  inconclu¬ 
sive,  and  an  annual  instead  of  biennial  cycle  has  been 
reported  (Castro,  2009).  Indeed,  only  annual  reproduc¬ 
tion  may  be  considered  because  of  the  inability  of  re¬ 
searchers  to  find  the  resting  segment  of  the  popula¬ 
tion  of  sand  tigers  that  may  be  highly  localized  and 
unsampled  to  date  (Castro,  2009).  The  existence  of  a 
previously  unsampled  resting  portion  of  the  population 
of  porbeagles  is  indicated  by  the  results  of  our  study. 

As  in  other  lamnid  species,  at  some  point  during 
gestation,  the  ovaries  of  a  female  porbeagle  become 
exhausted;  by  the  time  of  parturition,  an  ovary  is  de¬ 
pleted  and  hematose  and  contains  atretic  oocytes.  A 
depleted  ovary  must  then  recover  to  a  condition  ready 
for  vitellogenesis  (Fig.  2A).  Because  it  has  been  sug¬ 
gested  that  birth  occurs  between  April  and  June  and 
that  mating  occurs  in  the  fall,  an  ovary  of  a  porbeagle 
is  unlikely  to  recover  enough  to  ovulate  and  sustain  a 
new  brood  by  September  (Fig  2;  Jensen  et  al.,  2002; 
Castro,  2009).  In  addition,  sampling  for  our  study  took 
place  by  recreational  fishermen  between  July  and  Sep¬ 
tember  in  an  area  (primary  area:  Stellwagen  Bank) 
geographically  distinct  from  the  primary  sampling  area 
of  Jensen  et  al.  (2002)  in  waters  between  Nova  Scotia 
and  the  Grand  Banks  of  Newfoundland  (Fig.  1).  There¬ 
fore,  the  observation  of  females  in  a  resting  phase  ap- 
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pears  to  represent  a  portion  of  the  population  that  had 
remained  unsampled  until  now. 

Jensen  et  al.  (2002)  sampled  porbeagles  caught  in 
commercial  fisheries  in  an  area  of  high  abundance  of 
porbeagles.  They  found  that  mature  females  in  this 
area  were  either  pregnant  or  ovulating,  leading  them 
to  the  conclusions  that  1)  this  area  is  a  mating  ground 
and  2)  porbeagles  have  annual  reproduction.  Further, 
the  seasonality  of  spermatophore  production,  observa¬ 
tions  of  females  with  fresh  mating  scars,  and  observa¬ 
tions  of  males  and  females  captured  on  the  same  long- 
line  indicate  that  porbeagles  mate  in  the  fall,  primarily 
between  September  and  November  on  the  Grand  Banks 
of  Newfoundland  and  the  vicinity  (Jensen  et  al.,  2002). 
Jensen  et  al.  (2002)  also  predicted  a  gestation  period  of 
8-9  months  and  pupping  from  April  through  June.  Ac¬ 
cording  to  Jensen  et  al.  (2002),  mature  females  would 
be  recently  postpartum  in  July  and  recovering  to  the 
point  of  mating  (oocytes  with  diameters  of  ~3-6  mm) 
by  September.  However,  this  timing  appears  unrealis¬ 
tic  for  the  samples  collected  in  our  study,  on  the  basis 
of  the  condition  of  the  resting  ovaries  observed  in  the 
summer  (Fig.  2A).  In  addition,  this  study  observed  only 
one  recently  postpartum  individual  (caught  in  Septem¬ 
ber),  and  the  remainder  of  the  individuals  were  recov¬ 
ered  to  the  point  where  vitellogenesis  had  commenced. 
Therefore,  on  the  basis  of  other  lamnid  studies  and  the 
known  timing  of  porbeagle  mating,  oogenesis  would  re¬ 
quire  a  year  before  they  would  be  in  mating  condition, 
further  indication  that  this  shark  has  a  biennial  rather 
than  an  annual  reproductive  cycle. 

An  additional  mating  ground  on  Georges  Bank  has 
been  indicated  by  the  presence  of  “high  catch  rates  of 
mature  females,  which  did  not  appear  to  be  feeding” 
in  June  2007,  observed  by  Campana  et  al.  (2010a),  al¬ 
though  no  detailed  necropsy  data  were  presented.  How¬ 
ever,  because  no  males  were  captured  with  this  group 
of  females  and  the  data  of  Jensen  et  al.  (2002)  indi¬ 
cates  a  fall  mating  season,  it  is  unlikely  that  a  mating 
aggregation  occurs  on  Georges  Bank  in  summer.  On 
the  basis  of  the  findings  of  our  study,  we  suggest  that 
this  aggregation  was  more  consistent  with  resting  than 
mating,  particularly  in  light  of  the  fact  that  Georges 
Bank  is  in  geographic  proximity  to  Stellwagen  Bank 
(Fig.  1).  Further,  females  assumed  to  be  mature  on  the 
basis  of  size  and  tagged  on  Georges  Bank,  primarily  in 
July  2008,  have  been  shown  to  migrate  to  the  Sargas¬ 
so  Sea.  This  migration  was  assumed  to  be  for  pupping 
(Campana  et  al.,  2010b).  On  the  basis  of  time  of  year,  it 
is  unlikely  that  these  sharks  were  pregnant  and  would 
have  had  to  travel  to  the  mating  area  before  pupping 
in  the  Sargasso  Sea.  The  tracks  of  tagging  data  pre¬ 
sented  by  Campana  et  al.  (2010b;  fig.  1)  indicate  that 
the  sharks  in  that  study  did  not  travel  to  known  mat¬ 
ing  grounds  and  were  only  assumed  to  be  pregnant  (no 
direct  reproductive  assessments  were  made).  In  light 
of  the  evidence  from  our  study,  for  a  resting  area  in 
Stellwagen  Bank,  and  data  from  the  Campana  et  al. 
(2010b)  tagging  study  that  indicate  that  porbeagles 
did  not  travel  east  of  longitude  62°W  but  resided  in 


the  areas  of  the  Gulf  of  Maine,  Stellwagen  Bank,  and 
Georges  Bank,  it  is  possible  that  the  females  tagged 
by  Campana  et  al.  (2010b)  were  in  a  resting  stage  and 
transited  to  the  Sargasso  Sea  for  unknown  reasons, 
possibly  related  to  feeding. 

The  discovery  of  a  resting  portion  of  the  population 
of  porbeagles  in  the  western  North  Atlantic  Ocean  has 
important  implications  for  fisheries  management.  The 
inclusion  of  a  resting  period  in  the  reproductive  cycle 
of  the  porbeagle  means  at  least  some  portion  of  the 
female  population  is  not  reproducing  annually.  A  de¬ 
crease  in  productivity  on  the  basis  of  non-annual  repro¬ 
duction  needs  to  be  considered  because  such  a  decrease 
would  reduce  the  resilience  of  this  species  to  direct 
and  indirect  fishing  pressures.  Continued  research  on 
the  migrations  and  distribution  of  porbeagles  by  their 
adult  maturity  stage  is  necessary  to  provide  effective 
management  for  this  species. 
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Abstract — A  male  whale  shark 
( Rhincodon  typus)  has  been  kept  in 
captivity  at  the  Okinawa  Churaumi 
Aquarium,  Japan,  for  23  years,  pro¬ 
viding  a  rare  opportunity  to  observe 
sexual  maturation  of  a  male.  In 
2012,  when  the  individual  was  8.5 
m  in  total  length  (TL),  the  claspers 
began  to  elongate,  and  the  distal 
ends  of  the  claspers  changed  into 
cauliflower-shaped  forms.  These 
morphological  changes  in  the  clasp¬ 
ers  were  completed  in  11  months. 
Plasma  concentrations  of  sex  hor¬ 
mones  (testosterone  and  progester¬ 
one)  increased  in  association  with 
clasper  elongation.  After  elongation, 
additional  movements,  including 
the  adduction  and  crossing  of  clasp¬ 
ers,  were  displayed,  and  a  whitish 
fluid,  which  may  have  been  semen, 
was  discharged  through  the  clasper 
grooves,  indicating  that  the  male 
was  functionally  mature  after  clasp¬ 
er  elongation.  These  observations  in¬ 
dicate  that  this  captive  whale  shark 
reached  maturity  when  it  was  8.5  m 
TL  and  over  25  years  in  age.  This 
size  at  maturity  is  consistent  with 
observations  in  the  wild.  However, 
maturity  in  this  individual  captive 
animal  may  have  occurred  later 
than  has  been  previously  reported 
in  nature. 
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In  the  wild,  tracking  animals,  espe¬ 
cially  migratory  aquatic  vertebrates, 
throughout  their  entire  life  histories 
is  extremely  difficult.  Animals  often 
move  over  vast  oceans  and  have  long 
life  spans,  sometimes  longer  than 
those  of  humans.  Therefore,  the  life 
history  traits  of  such  animals  gener¬ 
ally  are  based  on  fragmented  infor¬ 
mation,  obtained  from  dead  speci¬ 
mens  acquired  opportunistically. 

The  process  of  sexual  maturation 
in  the  whale  shark  ( Rhincodon  ty¬ 
pus),  the  world’s  largest  fish,  remains 
poorly  understood  because  of  the  dif¬ 
ficulties  associated  with  following  in¬ 
dividuals  over  long  periods  of  time, 
both  in  the  wild  and  in  captivity.  The 
Okinawa  Churaumi  Aquarium,  locat¬ 
ed  in  Okinawa,  Japan,  has  success¬ 
fully  maintained  a  whale  shark  for 
over  20  years  in  captivity,  providing 
a  unique  opportunity  to  better  fol¬ 
low  maturation  history  in  this  spe¬ 


cies  (e.g.,  Uchida  et  al.,  2000;  Mar¬ 
tin,  2007).  This  male  whale  shark, 
named  Jinta,  has  been  exhibited 
since  1995  at  the  Ocean  Expo  Aquar¬ 
ium  (renamed  the  Okinawa  Churau¬ 
mi  Aquarium  in  2002),  representing 
the  longest  period  of  captivity  for 
this  species  in  the  world.  From  1995 
to  2018,  the  total  length  (TL)  of  the 
animal  increased  from  4.6  to  8.7  m. 

From  our  study  of  this  shark,  we 
report  the  process  of  sexual  matura¬ 
tion  in  the  male  whale  shark,  focus¬ 
ing  on  morphological  changes  and 
movements  of  the  claspers,  possible 
semen  ejection,  and  changes  in  the 
circulating  levels  of  sex  hormones. 
For  male  elasmobranchs,  the  degree 
of  clasper  elongation  and  calcifica¬ 
tion  and  increase  in  sex  hormone 
levels  are  generally  used  as  indica¬ 
tors  of  sexual  maturation  (Gelsleich- 
ter  and  Evans,  2012);  however,  con¬ 
tinuous  changes  in  these  indicators 
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during  the  maturation  process  have  never  before  been 
documented  in  whale  sharks.  This  study  was  based  on 
data  from  only  one  individual,  but  it  is  still  noteworthy 
because  this  individual  is  the  only  whale  shark  that 
has  been  successfully  maintained  in  captivity  for  such 
a  long  period.  Our  data  provide  important  insights  into 
the  maturation  of  male  whale  sharks. 


Materials  and  methods 
Ethics 

This  study  was  conducted  as  part  of  the  health  moni¬ 
toring  for  captive  animals  at  the  Okinawa  Churaumi 
Aquarium.  Animal  welfare  during  rearing  was  main¬ 
tained  in  strict  accordance  with  the  ethical  guidelines 
of  the  Japanese  Association  of  Zoos  and  Aquariums 
(JAZA1),  which  does  not  stipulate  the  experimental 
procedures  to  be  followed.  Therefore,  this  study  did 
not  require  separate,  specific  approval  from  this  asso¬ 
ciation.  Maintenance,  animal  handling,  and  all  proce¬ 
dures  associated  with  this  study  also  were  conducted 
in  accordance  with  the  ethical  guidelines  of  Okinawa 
Churashima  Foundation  (OCF2),  which  specifies  proce¬ 
dures  for  the  care  and  welfare  of  higher  vertebrates 
(reptiles,  birds,  and  mammals);  these  guidelines  did 
not  contradict  the  guidelines  of  the  Japanese  Associa¬ 
tion  of  Zoos  and  Aquariums. 

Captivity  conditions 

The  male  whale  shark  is  kept  at  the  Okinawa  Churau¬ 
mi  Aquarium  in  an  exhibition  tank  (Kuroshio  Tank) 
with  a  length,  width,  and  depth  of  27,  35,  and  10  m. 
The  water  in  the  tank  is  replaced  continuously  with 
natural  seawater  pumped  directly  from  the  East  China 
Sea.  The  temperature  and  chemistry  of  the  water  in 
the  tank  are  the  same  as  those  in  the  external  environ¬ 
ment.  The  roof  of  the  tank  is  transparent;  therefore, 
light  intensity  in  the  tank  reflects  that  of  natural  sun¬ 
light.  The  shark  is  fed  0.5-0. 8%  of  its  body  weight  in 
euphausiids  and  sergestids  every  day. 

Growth 

The  TL  of  the  male  whale  shark  was  estimated  by  mea¬ 
suring  the  length  from  the  snout-tip  to  the  origin  of 
the  first  dorsal  fin  (pre-first  dorsal  fin  length  [PD  1] ),  to 
avoid  measurement  errors  caused  by  lateral  tail  beats 
when  TL  was  measured  directly.  The  following  equa¬ 
tion,  from  Matsumoto  et  al.  (2017),  was  used  to  esti¬ 
mate  TL  in  centimeters: 


1  JAZA  (Japanese  Association  of  Zoos  and  Aquariums).  1984. 
Japan  Arboretum  Aquarium  Association  ethics  summary 
[Available  from  website.] 

2  OCF  (Okinawa  Churashima  Foundation).  2016.  Guide  for 

care  and  use  of  laboratory  animals  of  Okinawa  Churashima 
Foundation,  11  p.  [Available  from  Okinawa  Churashima 
Found.,  Ishikawa  888,  Motobu,  Okinawa  905-0206,  Japan.] 


LogTL  =  0.964  x  logPDl  +  0.443. 

The  PD1  has  been  measured  underwater  directly  by  2 
scuba  divers  with  a  measuring  tape,  every  year  since 
the  first  year  of  captivity. 

The  growth  rate  was  calculated  for  each  growth 
stage  by  using  segmented  regression  models  (SRMs; 
Muggeo,  2003;  Segura  et  al.,  2013).  The  growth  of  elas- 
mobranchs  is  generally  divided  into  2  stages,  immature 
(juvenile)  and  mature  (adult)  (Jensen  et  al.,  2002),  or 
into  3  stages:  immature,  maturing,  and  mature  (Saidi 
et  al.,  2009).  Therefore,  we  applied  2  SRMs  that  esti¬ 
mated  1  or  2  break  points  (BKs)  expected  to  be  turn¬ 
ing  points  of  the  growth  stages,  following  the  method 
described  by  Muggeo  (2003). 

Clasper  morphology 

The  morphological  features  of  the  claspers  are  used  to 
indicate  sexual  maturation  in  elasmobranchs.  We  cal¬ 
culated  the  ratio  of  clasper  outer  length  (CLO)  to  pelvic 
inner  margin  length  (P2I)  (i.e.,  CLO:P2I),  as  described 
by  Compagno  (1984).  The  CLO:P2I  is  a  relative  value 
that  represents  the  degree  of  elongation  from  the  pos¬ 
terior  end  of  the  pelvic  fin.  The  CLO  and  P2I  were  ana¬ 
lyzed  with  photogrammetry  by  using  ImageJ,  vers.  1.45 
(Schneider  et  al.,  2012)  to  take  measurements  from 
photographs  of  the  ventral  side  of  the  pelvic  region  of 
the  shark.  The  photographs  were  taken  underwater  an¬ 
nually  from  October  2005  through  August  2011,  and 
then  they  were  taken  monthly  until  October  2013. 

Sex  steroid  hormones 

The  plasma  concentrations  of  testosterone  and  proges¬ 
terone  (T  and  P4,  respectively)  were  analyzed  by  using 
blood  samples.  Veterinarians  took  blood  underwater 
from  the  radial  vein  of  the  pectoral  fin,  using  a  sy¬ 
ringe  with  an  18-gauge  needle,  monthly  from  May  2008 
through  December  2013  (Ueda  et  al.,  2017).  Blood  sam¬ 
ples  were  then  transferred  to  a  blood-collection  vacuum 
tube  treated  with  heparin  (VP-H050K3,  Terumo  Corp., 
Tokyo,  Japan).  After  centrifugation  (3000  rpm  for  15 
min),  plasma  was  collected  and  immediately  stored  at 
-80°C  for  subsequent  hormonal  analysis.  After  thaw¬ 
ing,  the  plasma  was  mixed  with  diethyl  ether,  and  ste¬ 
roids  were  extracted  by  using  a  common  procedure  (Su¬ 
zuki  et  al.,  1998).  The  extract  was  diluted  2.5  fold  with 
0.05  M  Tris-HCl  (pH  7.75)  buffer  solutions,  so  that  it 
could  be  used  for  measurements.  The  plasma  concen¬ 
trations  of  both  steroid  hormones  were  determined 
through  time-resolved  fluorescent  antibody  analysis. 

We  compared  the  average  blood  levels  of  the  hor¬ 
mones  among  the  3  observable  developmental  periods 
of  the  clasper:  short  (clasper  tips  and  posterior  margin 
of  pelvic  fins  are  at  the  same  horizontal  position),  elon- 


3  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 
tification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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Table 

Fitted  parameters  from  2  segmented  regression  models  (SRMs)  for  estimating  the  growth  of  the  captive  male  whale  shark 
( Rhincodon  typus )  at  the  Okinawa  Churaumi  Aquarium  in  Okinawa,  Japan.  The  SRMs  used  1  or  2  break  points  (BKs)  ex¬ 
pected  to  be  turning  points  between  the  3  growth  stages:  immature,  maturing,  and  mature.  The  average  monthly  changes 
in  growth  of  body  length,  during  the  immature  stage  (aO,  during  the  mature  stage  in  the  model  with  1  BK  or  the  maturing 
stage  in  the  model  with  2  BKs  (ot2),  and  during  the  mature  stage  in  the  model  with  2  BKs  (a3),  are  given  with  standard 
errors  of  the  means  (SEs).  The  turning  points  from  the  immature  to  mature  stage  in  the  1-BK  model  (BKi),  from  the  im¬ 
mature  to  maturing  stage  in  the  2-BK  model  (BKi),  and  from  the  maturing  to  mature  stage  in  the  2-BK  model  (BK2)  are 
given  with  95%  confidence  intervals  (Cl).  r2=coefficient  of  determination. 

Slopes 

cq  (SE)  a2(SE)  a3(SE)  BK1(95%CI)  BK2  (95%  Cl)  Intercept  (SE)  r2 


Model  with  1BK  2.243(0.072)  0.467(0.320)  -  170.5(154.5-186.4)  -  449.9(8.2)  0.994 

Model  with  2  BKs  2.281(0.086)  1.375(0.428)  0.050(0.729)  149.7  (117.8-181.7)  195.6(162.8-228.3)  447.8(8.6)  0.993 
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Figure  1 

Change  in  monthly  body  length  of  a  male  whale  shark  ( Rhin¬ 
codon  typus)  in  captivity  at  the  Okinawa  Churaumi  Aquarium 
in  Okinawa,  Japan,  given  in  centimeters  in  total  length  and  rep¬ 
resented  by  segmented  regression  models  (SRMs)  with  (A)  1  and 
(B)  2  break  points.  The  dotted  lines  indicate  the  95%  confiden¬ 
tial  intervals.  The  data  used  in  the  SRMs  were  collected  from 
March  1995  through  December  2013. 


gating  (claspers  extending  behind  the  posterior 
margin  of  pelvic  fins),  and  completed  (claspers 
no  longer  extending).  Statistical  analyses  were 
conducted  by  using  the  nonparametric  Krus- 
kal-Wallis  test  followed  by  the  nonparametric 
Steel-Dwass  post-hoc  test.  The  relationship 
between  hormone  levels  and  water  tempera¬ 
ture  also  was  tested  by  using  a  regression 
analysis.  Measurements  are  reported  as  means 
with  standard  errors  (SEs),  unless  otherwise 
noted. 


Results 

Growth 

According  to  the  SRM  that  used  1  BK,  the  av¬ 
erage  growth  rate  for  body  length  (slope)  from 
March  1995  through  May  2009  was  2.24  cm/ 
month  (SE  0.07)  (Fig.  1A,  Table).  During  this 
period,  the  TL  increased  from  460  to  832  cm. 
The  average  growth  rate  between  May  2009 
and  December  2013  decreased  to  0.47  cm/ 
month  (SE  0.32),  9with  TL  changing  from  832 
to  854  cm.  Based  on  the  estimates  from  the 
SRM  that  used  2  BKs  (Fig.  IB),  the  average 
monthly  growth  from  March  1995  through 
August  2007  was  2.28  cm  (SE  0.07),  with  TL 
increasing  from  460  to  789  cm  (Table).  From 
August  2007  through  June  2011,  the  growth 
rate  was  1.38  cm/month  (SE  0.43)  with  TL 
changing  from  789  to  852  cm.  The  growth  rate 
from  June  2011  through  December  2013  was 
0.05  cm/month  (SE  0.73)  with  TL  increasing 
from  852  to  854  cm.  Both  SRMs  revealed  that 
the  individual  grew  in  length  rapidly  until  it 
reached  approximately  800  cm  TL.  Consider¬ 
ing  annual  growth  in  TL,  the  whale  shark  grew 
from  460  cm  to  >800  cm  at  a  rate  of  26.9  cm/ 
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Figure  2 

Relationship  between  the  ratio  of  the  clasper  outer  length  to  the  pelvic  inner  length 
(CLO:P2I)  and  body  length,  given  in  centimeters  in  total  length  (TL),  from  October  2005 
through  October  2013  for  a  male  whale  shark  ( Rhincodon  typus)  in  captivity  at  the  Okinawa 
Churaumi  Aquarium  in  Japan. 


year  (1-BK  model)  or  27.4  cm/year  (2- 
BK  model)  from  1995  through  2008; 
after  that  time  period,  the  growth  rate 
decreased  to  0.6-5. 6  cm/year. 

Clasper  development  and  functionality 

Clasper  elongation  was  complete  in 
11  months  (Fig.  2).  Before  August 
2011,  CLO:P2I  was  almost  constant 
(1.00-1.09).  After  the  claspers  began 
to  elongate  posteriorly  beyond  the  tip 
of  the  pelvic  fin,  CLO:P2I  increased  to 
1.60  by  July  2012;  then  this  elonga¬ 
tion  ended,  and  the  CLO:P2I  remained 
constant. 

The  shape  of  the  claspers  changed 
as  the  claspers  elongated  (Fig.  3).  Cau¬ 
liflower-shaped  tissues  were  formed  at 
the  distal  ends  of  the  claspers,  and 
cartilage  associated  with  the  rhipidion 
(small  cartilaginous  elements  located 
at  the  distal  end  of  the  clasper)  was 
observed  along  clasper  grooves. 

The  clasper  became  functional  dur¬ 
ing  a  period  of  rapid  elongation  with 
skeletal  development  of  the  rhipidion. 
The  whale  shark  began  to  display  a 
new  behavior  in  April  2012.  The  ani¬ 
mal  turned  upside  down,  to  an  in¬ 
verted  position,  while  crossing  both 
claspers  simultaneously  (Fig.  4,  Sup- 
pi.  Video)  (online  only).  The  tips  of  both 
claspers  were  spread  along  the  groove 


Figure  3 

Images  with  ventral  views  showing  morphological  changes  in  the  claspers 
of  the  male  whale  shark  ( Rhincodon  typus)  in  captivity  at  the  Okinawa 
Churaumi  Aquarium,  Japan,  taken  in  (A)  October  2005,  (B)  August  2011, 
and  (C)  July  2012,  as  well  as  (D)  an  image  of  a  posterior  view  taken  in 
February  2013  of  the  same  whale  shark. 
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Figure  4 

Image  with  a  ventral  view  of  the  rotational  behavior  of  the  clasp- 
er  of  the  male  whale  shark  ( Rhincodon  typus)  in  captivity  at  the 
Okinawa  Churaumi  Aquarium,  Japan,  taken  in  June  2012. 


and  inflected  dorsally  while  they  were  crossed.  The 
clasper  that  was  placed  on  the  top  of  the  other  varied 
among  events,  and  both  claspers  had  the  top  position 
interchangeably.  In  addition,  starting  in  August  2012, 
a  white  milky  fluid  was  released  from  the  claspers 
when  this  behavior  was  displayed  (Suppl.  Video)  (online 
only).  However,  it  was  not  possible  to  confirm  whether 
this  fluid  was  semen  because  it  dispersed  and  became 
diffused  in  the  tank  immediately  after  release. 

Changes  in  hormonal  levels 

Changes  in  plasma  concentrations  of  T  and  P4  were  re¬ 
corded  among  the  3  observable  developmental  periods 
of  clasper  development  (Fig.  5).  There  were  minimal 
changes  in  the  concentrations  of  T  and  P4  during  a 
short  period  (from  May  2008  to  July  2011),  with  mean 
T  concentrations  of  6.23  ng/mL  (SE  0.52)  and  mean  P4 
concentrations  of  0.50  ng/mL  (SE  0.08)  (Suppl.  Table) 
(online  only).  However,  T  concentrations  had  large  fluctu¬ 
ations  during  the  elongating  period  (from  August  2011 
to  July  2012),  ranging  between  31.95  and  8.42  ng/mL 
with  a  mean  of  18.66  ng/mL  (SE  3.06).  In  the  elongat¬ 
ing  period,  no  change  was  notable  in  the  levels  of  P4, 
with  a  mean  of  0.79  ng/mL  (SE  0.16)  (Suppl.  Table) 
(online  only).  In  the  completed  period  (from  August  2012 
to  December  2013),  T  and  P4  levels  were  higher,  with 
means  of  36.74  ng/mL  (SE  9.46)  and  1.21  ng/mL  (SE 
0.25),  respectively,  than  those  in  the  other  2  periods. 

Among  the  3  periods  of  clasper  development,  there 
was  significant  variation  in  levels  of  T  (Kruskal-Wallis 
test:  29.40,  P<0.01)  and  P4  (Kruskal-Wallis  test:  7.30, 
P-0.03)  (Fig.  6).  Notably,  T  concentrations  were  signifi¬ 
cantly  lower  in  the  short  period  than  in  the  elongat¬ 


ing  and  completed  periods  (Steel-Dwass  test: 
P<0.01  for  both  periods).  However,  there  were 
no  significant  differences  in  T  levels  between 
the  elongating  and  completed  periods  (Steel- 
Dwass  test:  P-0.95).  Concentrations  of  P4 
were  also  lower  in  the  short  period  than  in  the 
completed  period  (Steel-Dwass  test:  P=0.03), 
although  there  were  no  significant  differences 
in  P4  levels  between  the  short  and  elongating 
periods  (P=0.23)  or  between  the  elongating  and 
completed  periods  (P-0.82). 

There  were  significant  relationships  be¬ 
tween  water  temperature  and  concentrations 
of  T  (coefficient  of  determination  [r2]=0.42, 
P<0.01)  and  P4  (r2=0.26,  P<0.01)  during  the 
short  period;  whereas,  these  relationships 
were  not  significant  during  the  elongating  (T: 
r2=0.06,  P=0.59;  P4:  r2=0.14,  P=0.40)  and  com¬ 
pleted  (T:  r2=0.14,  P-0.17;  P4:  r2=0.01,  P-0.78) 
periods  (Fig.  7). 

Discussion 


Abrupt  clasper  elongation  and  increased  levels 
of  sex  hormones  observed  in  the  male  whale 
shark  strongly  indicate  that  the  individual  is  sexually 
mature.  Increases  in  hormone  levels  (T  or  P4)  associ¬ 
ated  with  male  sexual  maturation  have  been  reported  in 
various  elasmobranchs  (Rasmussen  and  Gruber,  1993), 
although  the  mode  of  action  of  these  hormones  remains 
unclear.  Previous  studies  have  hypothesized  several 
functions  of  sex  hormones  (such  as  T),  including  the 
initiation  of  mating  behavior  (Rasmussen  and  Murru, 
1992;  Rasmussen  and  Gruber,  1993),  spermiogenesis 
and  spermiation  (Tricas  et  al.,  2000;  Henningsen  et  ah, 
2008),  and  clasper  elongation  (Heupel  et  al.,  1999;  Su- 
likowski  et  al.,  2005;  Sulikowski  et  al.,  2006;  Awruch  et 
al.,  2008).  Hormone  levels  were  slightly  correlated  with 
changes  in  water  temperature  when  the  shark  was  im¬ 
mature;  however,  these  correlations  were  not  observed 
during  and  after  the  clasper  elongation  period,  and 
hormone  levels  were  also  significantly  greater  after  the 
shark  started  to  mature  sexually.  Such  patterns  have 
not  been  previously  reported  in  other  elasmobranch  spe¬ 
cies.  Further  studies  are  needed  to  clarify  the  relation¬ 
ships  between  hormone  levels  and  water  temperature 
during  each  growth  stage. 

Our  data  allow  comparisons  between  wild  and  cap¬ 
tive  whale  sharks.  The  individual  studied  here  was 
considered  mature  at  8.5  m  TL.  This  finding  is  consis¬ 
tent  with  the  maturation  size  estimated  for  wild  male 
whale  sharks  off  the  northwestern  coast  of  Australia 
on  the  Ningaloo  Reef,  where  50%  of  275  wild  male 
whale  sharks  had  attained  maturity  at  8.1  m  TL  and 
95%  of  those  sharks  had  done  so  by  9.1  m  TL  (Norman 
and  Stevens,  2007).  We  were  not  able  to  determine  the 
precise  age  of  maturation  in  our  shark  because  the 
shark’s  age  was  unknown  when  he  was  brought  into 
the  aquarium. 
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Figure  5 

Relationships  between  the  ratio  of  the  clasper  outer  length  to  pelvic  inner  length  (CLO:P2I) 
and  concentrations  of  (A)  testosterone  (T)  and  (B)  progesterone  (P4)  from  May  2008  through 
November  2013  for  a  male  whale  shark  (Rhincodon  typus)  at  the  Okinawa  Churaumi  Aquar¬ 
ium  in  Japan. 


The  age  of  live  elasmobranchs  can  be  estimated 
only  by  using  growth  models.  Two  studies  have  report¬ 
ed  growth  curves  for  the  whale  shark.  Wintner  (2000) 
estimated  the  ages  of  15  dead  whale  sharks  by  count¬ 
ing  the  number  of  growth  bands  in  vertebrae,  assum¬ 
ing  that  a  single  pair  of  growth  bands  corresponds  to 
1  year,  and  generated  a  growth  curve  of  this  species. 
By  using  that  growth  curve,  the  age  of  our  shark  at 
capture  (at  a  size  of  460  cm  TL)  was  estimated  to  be 
10  or  14  years  old.  More  recently,  Hsu  et  al.  (2014) 
provided  new  growth  curves  using  a  greater  sample 
size  (h=92)  of  species  collected  from  the  population 
in  the  northwestern  Pacific  Ocean.  They  estimated  2 
growth  curves  on  the  basis  of  growth  bands  being  de¬ 
posited  either  once  or  twice  a  year,  and  they  conclud¬ 
ed  that  the  band  pairs  were  formed  twice  a  year.  The 
growth  curve  provided  by  Hsu  et  al.  (2014)  is  likely 


applicable  to  estimate  the  age  of  our  shark  at  capture 
because  the  shark  was  taken  from  the  same  region. 

Based  on  the  growth  curve  of  Hsu  et  al.  (2014),  the 
age  of  our  shark  at  the  time  of  capture  was  estimated 
to  be  7.6  years.  Consequently,  the  estimated  age  at  the 
time  that  clasper  elongation  ceased  was  24.9  years.  This 
result  indicates  that  sexual  maturation  of  our  shark  oc¬ 
curred  later  than  the  age  at  maturity  estimated  for  wild 
individuals  in  the  Indo-Pacific  region  (17  years  old;  Hsu 
et  al.,  2014).  Meanwhile,  Perry  et  al.  (2018)  estimated 
that  males  in  the  Maldives  mature  at  25  years,  following 
the  methods  described  by  Hsu  et  al.  (2014).  This  estima¬ 
tion  is  comparable  to  our  result.  The  timing  of  sexual 
maturity  of  the  whale  shark  may  be  associated  more 
closely  with  size  than  with  chronological  age,  a  notion 
that  is  consistent  with  previous  findings  (Gelsleichter  et 
al.,  2002);  however,  further  investigations  are  needed. 
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Figure  6 

Comparisons  of  concentrations  of  the  hormones  (A)  testoster¬ 
one  (T)  and  (B)  progesterone  (P4)  from  May  2008  to  December 
2013  in  a  male  whale  shark  (Rhincodon  typus)  at  the  Okinawa 
Churaumi  Aquarium,  Japan,  during  the  3  developmental  periods 
of  the  clasper:  short,  elongating,  and  completed.  The  box  indi¬ 
cates  the  25th  and  75th  percentiles,  the  whiskers  indicate  the 
minimum  and  maximum  values,  and  the  line  within  each  box 
indicates  the  median  value.  A  circle  indicates  an  outlier. 


The  results  of  this  study  indicate  that  morpho¬ 
logical  and  functional  changes  in  the  claspers  dur¬ 
ing  maturation  occurred  over  a  relatively  short  time, 
less  than  1  year,  in  our  shark.  The  animal  began  to 
display  new  clasper  movements  during  the  period  of 
rapid  clasper  growth,  behavior  that  has  hitherto  not 
been  reported.  These  movements  have  been  observed 
during  the  mating  season  in  other  elasmobranchs,  in¬ 
cluding  the  tawny  nurse  shark  ( Nebrius  ferrugineus), 
zebra  shark  ( Stegostoma  fasciatutn),  bull  shark  (Car- 
charhinus  leucas),  sandbar  shark  (C.  plumbeus),  and 
dasyatid  rays  (senior  author,  unpubl.  data),  and  they 
sometimes  occur  in  the  absence  of  females  (Ritter 


and  Compagno,  2013).  Moreover,  a  white  milky  flu¬ 
id,  which  we  suspect  to  be  semen,  was  released  from 
the  tip  of  the  claspers  as  the  claspers  crossed.  Based 
on  these  observations,  it  is  likely  that  the  function¬ 
al  maturation  of  the  claspers  occurs  in  parallel  with 
morphological  changes. 

In  summary,  observations  of  a  captive  male  whale 
shark  made  over  a  period  of  20  years  have  improved 
our  understanding  of  the  process  of  sexual  matura¬ 
tion  in  this  species.  Maturation  was  associated  with 
increased  plasma  concentrations  of  T  and  P4  and  the 
rapid  morphogenesis  and  functioning  of  claspers.  Addi¬ 
tional  studies  involving  both  captive  and  wild  individu- 
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Figure  7 

Relationship  between  water  temperature  and  concentrations  of  (A)  testosterone  (T)  and  (B) 
progesterone  (P4)  from  May  2008  through  December  2013  in  a  male  whale  shark  ( Rhincodon 
typus)  at  the  Okinawa  Churaumi  Aquarium  in  Japan.  The  period  covers  the  3  developmental 
periods  of  the  clasper:  short  (T:  r2=0.42,  P<0.01;  P4:  r2=0.26,  P<0.01),  elongating  (T:  r2=0.06, 
P=0.59;  P4:  r2= 0.14,  P=0.40),  and  completed  (T:  r2=0.14,  P=0.17;  P4:  r2=0.01,  P=  0.78).  The 
background  colors  of  white,  light  gray,  and  dark  gray  indicate  the  short,  elongating,  and 
completed  periods,  respectively. 


als  are  needed  to  further  advance  the  biology  of  the 
well-known  but  mysterious  whale  shark. 
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Abstract — We  assessed  the  utility  of 
an  alternative  method  of  video  anal¬ 
ysis  for  generating  data  for  sharks 
and  compared  observations  of  sharks 
from  the  use  of  baited  remote  under¬ 
water  video  stations  (BRUVS)  with 
observations  made  by  scuba  divers 
during  surveys  conducted  simultane¬ 
ously  with  BRUVS  video  recordings. 
Videos  were  made  off  east-central 
Florida  as  part  of  a  fishery-inde¬ 
pendent  trap-video  survey  of  fish 
species  in  hard-bottom  reef  habi¬ 
tats.  In  videos  from  25  of  72  sites, 
we  observed  sharks,  including  the 
nurse  ( Ginglymostoma  cirratum), 
tiger  ( Galeocerdo  cuvier),  spinner 
(Carcharhinus  brevipinna),  sandbar 
(C.  plumbeus ),  Atlantic  sharpnose 
( Rhizoprionodon  terraenovae),  bull 
(C.  leucas),  and  lemon  ( Negaprion 
brevirostris)  sharks.  In  contrast,  div¬ 
ers  observed  3  species  of  sharks  at  5 
sites.  We  conclude  that  video  obser¬ 
vations  are  superior  to  diver  obser¬ 
vations  for  detecting  sharks.  Rapidly 
viewing  an  entire  video  (the  alterna¬ 
tive  method),  rather  than  viewing 
only  a  20-min  segment  (the  stan¬ 
dard  protocol),  has  the  potential  to 
increase  the  number  of  sites  where 
sharks  are  observed  and  the  number 
of  shark  species  that  are  observed 
in  video  analysis  (as  it  did,  by  400% 
and  40%,  respectively,  in  this  study). 
This  method  holds  promise  for  pro¬ 
viding  critical  information  without 
extraction  of  specimens  and  for  aid¬ 
ing  stock  assessments  and  essential 
fish  habitat  delineation  for  these  im¬ 
portant  predators. 
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Predation  is  recognized  as  a  key  eco¬ 
logical  and  evolutionary  process,  and 
sharks,  a  group  that  includes  species 
capable  of  being  the  top  predators 
in  oceans,  are  important  members 
of  marine  communities  (Estes  et  al., 
2011;  Osgood  and  Baum,  2015;  Bar¬ 
ley  et  al.,  2017).  Sharks  are  capable 
of  exerting  top-down  effects  on  prey 
from  lower  trophic  levels  over  wide 
spatial  and  temporal  scales  (Osgood 
and  Baum,  2015;  Barley  et  al.,  2017; 
Dulvy  et  al.,  2017),  and  shark  species 
are  valuable  targets  of  recreational 
and  commercial  fisheries.  To  help 
protect  species  that  have  relatively 
low  reproductive  rates,  late  maturity, 
and  slow  growth,  the  United  States 
has  implemented  shark  management 
measures  that  are  some  of  the  stron¬ 
gest  worldwide  (NMFS1).  Despite 
conservation  efforts,  global  bycatch 
of  sharks  and  demand  for  shark  fins 
and  meat  have  resulted  in  -25%  of 
shark  species  listed  as  endangered, 
vulnerable,  or  near  threatened  by 
the  International  Union  for  Con¬ 


1  NMFS  (National  Marine  Fisheries  Ser¬ 
vice).  2017.  2016  shark  finning  report 

to  Congress,  117  p.  [Available  from 
website]. 


servation  of  Nature  (IUCN)  in  the 
IUCN  Red  List  of  Threatened  Spe¬ 
cies  (Heithaus  et  al.,  2010;  Dulvy  et 
al.,  2014;  White  et  al.,  2015;  Ward- 
Paige,  2017),  although  recent  analy¬ 
ses  indicate  preliminary  recovery  of 
certain  stocks  of  sharks  in  U.S.  wa¬ 
ters  of  the  Atlantic  Ocean  (Peterson 
et  al.,  2017).  We  lack  even  basic  bio¬ 
logical  information  for  many  sharks 
and  their  relatives,  such  that  46% 
of  species  on  the  IUCN  Red  List  are 
classified  as  data  deficient  (Heithaus 
et  al.,  2010;  Dulvy  et  al.,  2014;  White 
et  al.,  2015;  Peterson  et  al.,  2017). 

Whereas  fishery-independent  sur¬ 
veys  can  provide  valuable  measures 
of  relative  abundance  to  inform  stock 
assessments,  one  of  the  hindrances 
to  accurate  assessment  of  shark 
populations  is  the  lack  of  fishery- 
independent  surveys  that  are  done 
on  a  stock-wide  basis.  The  NOAA 
Northeast  Fisheries  Science  Center 
conducts  a  biannual  longline  survey 
from  the  Gulf  of  Mexico  to  south¬ 
ern  New  England,  and  the  NOAA 
Southeast  Fisheries  Science  Center 
conducts  an  annual  longline  survey 
off  the  southeastern  United  States 
in  the  Atlantic  Ocean  and  Gulf  of 
Mexico.  Although  other  fishery-in- 
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dependent  surveys  for  sharks  exist,  most  of  them  are 
spatially  limited  (Peterson  et  al.,  2017). 

The  Southeast  Reef  Fish  Survey  (SERFS)  is  a  fish¬ 
ery-independent  monitoring  and  research  program  that 
targets  reef  fish  species  in  continental  shelf  waters  off 
the  southeastern  United  States  and  is  funded  by  the 
National  Marine  Fisheries  Service.  Annual  sampling  of 
this  collaborative  program,  for  which  the  Beaufort  Lab¬ 
oratory  of  the  Southeast  Fisheries  Science  Center  is  a 
contributor,  is  done  by  using  video  cameras  attached  to 
chevron  traps  to  survey  a  region  from  St.  Lucie  Inlet, 
Florida,  to  Cape  Hatteras,  North  Carolina  (Bacheler 
et  al.,  2014).  This  fishery-independent  trap-video  sur¬ 
vey  generates  -1500  video  recordings,  or  samples,  per 
year  and  targets  species  from  hard  substrates  (lime¬ 
stone  or  hard-bottom  reefs)  on  the  continental  shelf 
and  continental  shelf  break  of  the  southeastern  Unit¬ 
ed  States.  Because  of  time  and  personnel  constraints, 
SERFS  staff  primarily  evaluate  videos  for  assessment 
of  spatial  distribution  of  reef  fish  species  in  the  snap¬ 
per-grouper  complex  and  use  a  video-sampling  method 
that  involves  viewing  a  subset  of  frames  (number  of 
frames  [/i]=41)  from  each  video  sample  to  calculate 
relative  abundance  (Bacheler  et  al.,  2014;  Schobernd 
et  al.,  2014).  This  video-sampling  method  may  not  be 
effective  for  species,  such  as  sharks,  that  tend  to  be 
relatively  rare  or  highly  mobile  (Schobernd  et  al.,  2014; 
Bacheler  and  Shertzer,  2015). 

Video  is  increasingly  used  as  a  fish  survey  and  re¬ 
search  tool  in  marine  ecosystem  research  (see  the  re¬ 
view  by  Murphy  and  Jenkins,  2010),  including  for  the 
study  of  elasmobranchs  (Meekan  and  Cappo,  2004; 
Bond  et  al.,  2012;  White  et  al.,  2013;  Barley  et  al., 
2017).  The  advantages  of  the  use  of  remotely  viewable 
underwater  video  (often  recorded  by  cameras  on  bait¬ 
ed  stations)  over  traditional,  direct  underwater  visual 
census  (UVC)  by  scuba  divers  include  the  potential  for 
longer  survey  times,  removal  of  diver  effects  (attraction 
or  avoidance)  on  target  species  (Kulbicki,  1998),  and 
greater  depth  range  and  spatial  replication.  Particu¬ 
larly  for  relatively  rare,  large,  and  mobile  species,  such 
as  elasmobranchs,  UVC  may  produce  biased  estimates 
of  population  density  (MacNeil  et  al.,  2008;  Ward-Paige 
et  al.,  2010;  McCauley  et  al.,  2012;  Osgood  and  Baum, 
2015). 

The  work  described  in  this  paper  was  conducted  as 
part  of  a  study  (Bacheler  et  al.,  2017)  that  compared 
observations  of  reef  fish  abundance  from  3  techniques: 
diver  census,  video  analysis,  and  sampling  with  traps 
(sampling  of  videos  and  traps  was  conducted  with 
SERFS  methods).  The  objective  of  the  work  reported 
here  was  to  assess  the  utility  of  an  alternative,  rapid 
method  of  video  analysis  for  generating  data  specifi¬ 
cally  for  sharks.  For  this  assessment,  we  used  video 
recordings  collected  from  sampling  locations  used  by 
Bacheler  et  al.  (2017).  We  determined  species  compo¬ 
sition  and  relative  abundance  of  sharks  encountered 
in  the  Atlantic  Ocean  off  east-central  Florida  by  using 
UVC  conducted  by  divers  and  analysis  of  videos  from 
baited  remote  underwater  video  stations  (BRUVS), 


and  we  compared  our  results  with  those  of  Bacheler 
et  al.  (2017).  Given  that  diver  and  video  methods  are 
known  to  sample  different  members  of  fish  communi¬ 
ties  (Colton  and  Swearer,  2010;  Langlois  et  al.,  2010; 
Watson  et  al.,  2010;  Barley  et  al.,  2017),  we  also  spe¬ 
cifically  compared  the  composition  and  relative  abun¬ 
dance  of  shark  species  observed  with  these  sampling 
approaches.  The  SERFS  was  designed  to  sample  rela¬ 
tively  sedentary  reef  fish  species  at  a  regional  scale 
with  a  large  number  of  sites  across  the  continental 
shelf  of  the  southeastern  United  States.  We  hypothe¬ 
sized  that  this  work  would  reveal  that  the  use  of  video 
can  be  a  non-consumptive  alternative  or  supplement 
to  traditional  sampling  methods  that  require  extrac¬ 
tion  (e.g.,  with  longlines  and  gillnets)  for  providing  es¬ 
timates  of  relative  abundance  for  a  variety  of  sharks  in 
the  Atlantic  Ocean. 


Materials  and  methods 

Study  area 

We  conducted  our  study  at  a  number  of  hard-bottom 
reef  sites  in  temperate  waters  on  the  U.S.  continental 
shelf  off  east-central  Florida  (Fig.  1).  The  continental 
shelf  along  the  southeastern  United  States  consists 
primarily  of  sand  and  mud  substrates,  but  patches  of 
hard,  rocky  reefs  in  temperate  waters  are  scattered 
throughout  the  region  and  are  important  habitat  for 
many  reef  fish  species.  Specific  hard-bottom  sites  were 
chosen  from  sampling  locations  in  the  study  area  of 
the  SERFS  (Bacheler  et  al.,  2014)  by  using  2  criteria: 
depths  safe  for  diving  ( <32  m)  and  a  history  of  traps 
catching  reef  fish.  Hard-bottom  habitats  sampled  in 
our  work  ranged  from  rocky  ledges  to  patchily  distrib¬ 
uted  rock  outcrops  and  pavement,  sometimes  covered 
in  a  veneer  of  sand.  All  sampling  occurred  at  depths 
between  18  and  30  m  on  2-7  July  2014  aboard  the  MW 
Spree,  a  30.2-m  aluminum-hulled  vessel  converted  from 
use  for  oil  field  services  to  a  live-aboard  dive  platform 
that  was  fitted  with  a  pot  hauler  for  this  effort. 

Chevron  traps 

We  deployed  a  single  chevron  trap  at  each  site  sampled 
in  this  study.  Chevron  traps  were  shaped  like  an  ar¬ 
rowhead  and  measured  1.7  m  x  1.5  m  x  0.6  m,  with  a 
volume  of  -0.91  m3  (Bacheler  et  al.,  2014).  The  mouth 
of  each  trap,  shaped  like  an  upside-down  teardrop, 
measured  -45  cm  high  and  18  cm  wide,  and  the  mesh 
size  of  each  trap  was  3.4  cm2.  We  baited  each  trap  with 
-4  kg  of  menhaden  (Brevoortia  spp.).  A  soak  time  of 
90  min  was  targeted  for  each  trap,  but  actual  soak 
time  varied  from  51  to  99  min,  with  a  mean  of  80.2 
min  (standard  deviation  [SD]  11.2).  Each  trap  had  a 
single  8-mm  polypropylene  line  connecting  it  to  2  sur¬ 
face  floats.  Chevron  traps  were  deployed  with  an  aver¬ 
age  distance  of  813  m  separating  them  to  provide  some 
measure  of  independence  between  traps.  The  minimum 
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distance  between  2  traps  was  237  m,  but  these  2  sites 
were  sampled  more  than  3  h  apart. 

Underwater  video 

We  outfitted  each  chevron  trap  with  2  outward-looking 
video  cameras,  forming  a  2-camera  BRUVS.  A  high- 
definition  Vixia  HF  S2002  video  camera  (Canon  U.S.A., 
Inc.,  Melville,  NY)  with  a  standard  lens  in  an  HF-S21 
underwater  housing  (Gates  Underwater  Products,  Inc., 
Poway,  CA)  was  attached  over  the  mouth  of  each  trap, 
facing  away  from  the  trap.  A  second  high-definition  vid¬ 


2  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 
tification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


eo  camera  (HD  HER04  Black,  GoPro,  Inc.,  San 
Mateo,  CA)  was  attached  over  the  nose  of  each 
trap  (opposite  the  Canon  camera),  also  looking 
outward.  The  Canon  camera  was  used  to  re¬ 
cord  video  for  quantifying  the  number  of  fish 
at  each  site  (i.e.,  for  video  analysis,  a  single, 
unique  Canon  video  recording  was  reviewed 
for  each  site).  The  GoPro  camera,  which  pro¬ 
vided  additional  and  sometimes  better  views 
of  activity  at  a  site  if  a  fish  passed  closer  to 
it,  was  used  only  when  necessary  to  confirm 
identification  of  fish  species. 

Video  recordings  were  ~90  min  in  length. 
The  SERFS  video-analysis  protocol  commences 
10  min  after  a  trap  reaches  the  seafloor,  with 
fish  counted  every  30  s  during  a  20-min  period 
(or  segment)  for  a  total  of  41  frames,  each  1  s 
in  duration.  For  this  study,  we  reviewed  videos 
in  their  entirety  (rather  than  a  subset  of  forty- 
one  1-s  frames)  at  a  speed  that  was  approxi¬ 
mately  2  times  faster  than  the  viewing  speed 
used  in  the  standard  protocol,  using  a  jog 
wheel  (as  part  of  our  video  editing  hardware 
setup)  for  precise  control  of  video  speed.  The 
jog  wheel  allowed  us  to  rapidly  review  videos 
without  exceeding  a  maximum  rate  that  would 
have  resulted  in  skipped  video  frames  and  po¬ 
tentially  in  missed  fish  detections.  All  sharks 
observed  were  identified  (enabling  collection 
of  presence-absence  data  for  each  species  and 
video  recording)  and  counted,  and,  when  pos¬ 
sible,  their  sex  was  determined  to  be  male  if 
claspers  were  observed  (sex  data  not  shown). 
We  compared  the  trap  catch  between  sites  with 
and  without  video  observations  of  sharks  by 
using  a  Mann-Whitney  U  test.  We  calculated 
frequency  of  occurrence  for  each  species  as  the 
number  of  sites  with  observations  of  a  given 
shark  species  divided  by  the  total  number  of 
sampled  sites. 

We  compared,  using  a  chi-square  test,  the 
proportion  of  sites  with  sharks  observed  dur¬ 
ing  the  SERFS  20-min  segment  with  the  pro¬ 
portion  of  sites  with  sharks  observed  outside 
the  20-min  segment  (i.e.,  before,  or  the  first  10  min 
after  the  trap  reaches  the  seafloor,  and  after,  or  the 
part  of  the  video  from  30  min  after  the  trap  reaches 
the  bottom  to  the  end).  Videos  with  observations  of 
sharks  were  classified  as  either  outside  or  within  the 
20-min  segment.  Videos  classified  as  outside  the  20- 
min  segment  had  shark  observations  solely  outside  the 
segment.  Videos  classified  as  within  the  20-min  seg¬ 
ment  could  include  observations  outside  the  segment  in 
addition  to  observations  within  the  segment,  but  the  2 
classifications  were  mutually  exclusive. 

Underwater  visual  census 

Within  10  min  of  the  deployment  of  each  BRUVS,  2 
divers  descended  along  the  trap  line  until  they  could 
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see  the  trap.  Staying  at  least  15  m  from  the  trap,  div¬ 
ers  counted  fish  and  measured  habitat  features  along 
3  transects  that  were  each  30  m  long  and  10  m  wide 
(i.e.,  they  surveyed  300  m2  for  each  transect  and  900 
m2  at  each  site).  The  chosen  direction  of  the  first  tran¬ 
sect  was  typically  toward  the  part  of  a  site  that  had 
the  most  hard-bottom  substrate,  beginning  ~15  m  from 
the  trap,  so  that  the  trap  and  video  sampling  were  dis¬ 
turbed  as  little  as  possible.  The  second  transect  was 
surveyed  in  the  direction  opposite  of  the  first  transect, 
and  the  third  transect  was  perpendicular  to  the  first 
2  transects  and  often  contained  the  least  amount  of 
hard-bottom  habitat.  The  depths  of  habitats  sampled 
by  UVC  were  similar  (with  differences  <2  m)  in  all 
cases  to  the  depths  at  which  traps  were  deployed  and, 
therefore,  the  depths  at  which  video  recordings  were 
made.  Further  details  about  the  method  and  full  re¬ 
sults  of  UVC  can  be  found  in  Bacheler  et  al.  (2017). 

For  the  work  described  in  this  manuscript,  the  pri¬ 
mary  interest  in  UVC  data  was  whether  divers  encoun¬ 
tered  a  shark  at  a  particular  site  and,  if  they  did,  the 
recorded  species  identification  for  the  sharks  observed. 
We  compared  the  identification  of  sharks  by  divers  with 
that  from  video  analysis  at  those  sites  where  observa¬ 
tions  were  positive  for  both  survey  methods.  We  used 
a  chi-square  test  to  compare  the  proportion  of  sites  at 
which  sharks  were  seen  by  divers  with  the  proportion 
of  sites  for  which  sharks  were  seen  in  video  analysis. 
All  statistical  analyses  were  conducted  with  SigmaPlot, 
vers.  11.0  (Systat  Software,  Inc.,  San  Jose,  CA). 

Results 

Species  of  sharks  observed  in  videos 

We  reviewed  100.5  h  of  video  and  observed  sharks  in 
videos  from  30  of  77  sites.  In  5  cases,  pairs  of  sites 
were  located  <500  m  apart,  and  review  of  videos  from 
these  sites  revealed  that  the  same  species  of  sharks 
were  observed  at  both  sites  in  each  pair.  Therefore, 
video  recordings  from  one  of  the  pair  of  sites  (a  total 
of  5  videos)  were  dropped  from  further  analyses.  As  a 
result,  25  of  72  sites  with  shark  observations,  or  35% 
of  videos,  were  used  for  analyses.  The  average  length 
of  video  recordings  was  78.5  min  (SD  6.00).  For  most 
sites,  a  single  species  of  shark  was  observed,  as  a  soli¬ 
tary  individual  in  video  frames.  However,  for  2  sites, 
2  nurse  sharks  (Ginglymosto?na  cirratum)  were  seen 
at  the  same  time  in  a  single  video  frame,  and  2  At¬ 
lantic  sharpnose  sharks  (Rhizoprionodon  terraenovae ) 
were  seen  in  a  single  video  frame  from  another  site. 
In  each  of  18  videos,  1  species  of  shark  was  observed; 
6  videos  contained  2  species,  and  1  video  contained  4 
species.  In  all  of  these  analyzed  videos,  a  minimum  of 
36  individual  sharks  were  observed.  At  the  25  sites 
for  which  sharks  were  observed  in  videos,  their  as¬ 
sociated  chevron  traps  contained  significantly  more 
fish,  with  a  mean  of  71.9  individuals  (SD  56.5),  than 
those  traps  associated  with  the  videos  in  which  sharks 


were  absent,  with  a  mean  of  48.4  individuals  (SD  49.9) 
(72=47  sites;  Mann- Whitney  U  test:  U- 397,  P=0.03).  No 
sharks  were  captured  in  traps,  and  the  full  results  for 
trap  catches  can  be  found  in  Bacheler  et  al.  (2017). 

Seven  species  of  sharks,  including  the  nurse,  tiger 
(Galeocerdo  cuvier),  spinner  (Carcharhinus  brevipin- 
na),  sandbar  (C.  plumbeus ),  Atlantic  sharpnose,  bull 
(C.  leucas ),  and  lemon  (Negaprion  brevirostris)  sharks, 
were  observed  in  videos  (Fig.  2).  Because  of  water  tur¬ 
bidity  and  proximity  of  sharks  to  the  camera,  we  were 
unable  to  identify  to  species  carcharhinid  sharks  ob¬ 
served  in  videos  from  2  sites.  In  most  cases,  the  sharks 
that  we  observed  were  readily  identifiable  to  species. 
However,  one  limitation  of  any  method  of  analyzing 
video  to  sample  fish  is  that  taxa  are  not  retained  for 
positive  identification. 

Frequency  of  occurrence  (Fig.  3)  was  greatest  for 
the  nurse  shark,  which  was  observed  in  videos  from 
-14%  of  sites  (10  of  72  sites),  followed  by  the  tiger  (8%, 
6  sites),  spinner  (7%,  5  sites),  sandbar  (5%,  4  sites), 
and  Atlantic  sharpnose  (4%,  3  sites)  sharks.  The  bull 
shark,  lemon  shark,  and  sharks  identified  only  to  the 
family  Carcharhinidae  were  observed  in  videos  from 
3%  of  sites  (2  of  72  sites). 

Comparison  of  methods 

When  the  entire  video  was  analyzed,  sharks  were 
observed  at  4  times  more  sites  than  when  only  the 
SERFS  20-min  segment  was  analyzed  (28%  versus  7% 
of  the  total  number  of  sites,  respectively;  chi-square 
test:  x2=9.5,  df=l,  P=0.002).  Sharks  frequently  were 
observed  in  videos  classified  as  outside  of  the  20-min 
segment.  Of  the  25  videos  with  sharks,  20  videos  con¬ 
tained  sharks  exclusively  outside  of  the  20-min  seg¬ 
ment,  and  5  videos  had  sharks  within  the  20-min  seg¬ 
ment.  Of  these  5  videos,  3  videos  included  sharks  that 
also  were  observed  later  in  the  video  outside  the  20- 
min  segment.  Of  the  20  videos  with  sharks  observed 
solely  outside  the  20-min  segment,  2  videos  had  sharks 
before  the  20-min  segment  (10%),  and  18  videos  con¬ 
tained  sharks  after  the  segment  (90%). 

Results  from  analyses  of  entire  videos  for  sharks 
were  superior  to  those  based  on  UVC  of  transects  by 
divers.  A  greater  diversity  of  sharks  were  observed  and 
sharks  were  recorded  at  a  larger  number  of  sites  when 
the  alternate  video-analysis  method  was  used  than 
when  divers  used  UVC.  At  5  sites,  sharks  were  de¬ 
tected  both  by  using  the  SERFS  20-min  video  segment 
and  by  using  UVC,  although  the  individual  sites  where 
sharks  were  detected  were  mostly  (except  for  1  site) 
distinct  between  methods.  By  using  UVC,  3  species  of 
sharks  were  recorded  at  5  sites  (7%  of  sites,  Table  1), 
and  the  use  of  video  analysis  resulted  in  observations 
of  7  species  in  videos  from  25  sites  (35%  of  sites;  chi- 
square  test:  x2=15.2,  df=l,  P<0.001).  Although  a  greater 
diversity  of  sharks  overall  was  observed  by  using  video 
analysis  than  by  using  UVC,  site-specific  comparisons 
of  UVC  and  video  data  revealed  differences  in  the  pres¬ 
ence  and  absence  of  sharks,  as  well  as  in  the  species  of 
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A  B 


Figure  2 

Still  images  from  videos  of  the  7  species  of  sharks  observed  during  analysis  of  video  samples  from  baited  remote  under¬ 
water  video  stations  deployed  on  the  continental  shelf  off  east-central  Florida  in  July  2014:  (A)  nurse  ( Ginglymostoma 
cirratum ),  (B)  tiger  ( Galeocerdo  cuvier),  (C)  spinner  (Carcharhinus  brevipinna),  (D)  sandbar  (C.  plumbeus),  (E)  Atlantic 
sharpnose  ( Rhizoprionodon  terraenovae ),  (F)  bull  (C.  leucas),  and  (G)  lemon  (Negaprion  brevirostris)  sharks. 
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Table  1 

Comparison  of  observations  of  shark  species  between  2  methods  used:  1)  un¬ 
derwater  visual  census  conducted  by  scuba  divers  and  2)  analysis  of  videos 
taken  with  baited  remote  underwater  video  stations.  This  comparison  includes 
only  observations  from  the  5  sites  at  which  sharks  were  detected  by  divers. 
Diver  surveys  and  station  deployments  occurred  in  July  2014  on  the  conti¬ 
nental  shelf  off  east-central  Florida.  A  dash  indicates  that  a  shark  was  not 
observed  in  the  video  from  this  site. 


Site  number 

Diver 

Video 

10 

Rhizoprionodon  terraenovae 

— 

34 

Ginglymostoma  eirratum 

G.  eirratum 

44 

Carcharhinus  plumbeus 

G.  eirratum 

55 

G.  eirratum 

- 

67 

G.  eirratum 

G.  eirratum,  Galeocerdo  cuvier 
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Figure  3 

Frequency  of  occurrence  of  the  7  shark  species  observed  through 
analysis  of  video  recorded  with  baited  remote  underwater  video 
stations  in  July  2014  off  east-central  Florida:  nurse  (Ginglymos- 
torna  eirratum),  tiger  ( Galeocerdo  cuvier),  spinner  ( Carcharhinus 
brevipinna),  sandbar  (C.  plumbeus),  Atlantic  sharpnose  (Rhizo- 
prionodon  terraenovae),  bull  (C.  leucas ),  and  lemon  ( Negaprion 
brevirostris)  sharks.  Frequency  of  occurrence  for  each  species 
was  calculated  as  the  number  of  sites  with  observations  of  a 
species  divided  by  the  total  number  of  sampled  sites.  Two  sharks 
could  be  identified  only  to  the  level  of  family  (Carcharhinidae). 


sharks  observed  through  the  use  of  these  2  sampling 
methods.  In  some  cases,  divers  observed  sharks  that 
were  not  recorded  in  videos  and  vice  versa,  and  in  oth¬ 
er  cases  the  same  species  of  sharks  were  observed  both 
by  divers  and  in  videos  (Table  1). 

Comparing  all  3  methods  (entire  video  analyzed, 
only  SERFS  20-min  segment  of  video  analyzed,  UVC), 
a  greater  diversity  and  abundance  of  sharks  were  re¬ 


corded  when  the  entire  video  was 
analyzed.  As  a  result,  estimates 
of  rank  abundance  for  shark  spe¬ 
cies  differed  by  the  method  used 
(Table  2). 

Discussion 

By  rapidly  analyzing  an  entire 
video  rather  than  only  the  20-min 
subsample  required  by  the  SERFS 
protocol  (an  average  of  58  min  of 
additional  video  combined,  before 
and  after  the  subsample),  we  were 
able  to  observe  sharks  in  videos 
from  400%  more  sites  and  increase 
the  number  of  species  recorded  by 
40%.  Therefore,  our  estimates  of 
relative  abundance  for  these  key 
fish  community  members  changed 
from  those  determined  by  using  the  SERFS 
protocol.  These  findings  confirm  for  species  of 
sharks  the  results  of  Bacheler  and  Shertzer 
(2015),  who  suggested  that  fast-moving,  soli¬ 
tary,  infrequently  encountered  fish  species  had 
a  higher  probability  of  being  missed  in  analysis 
of  video  subsamples  and  recommended  increas¬ 
ing  the  number  of  video  segments  reviewed  to 
target  these  types  of  species.  Similarly,  we  ob¬ 
served  sharks  for  more  sites  within  the  longer 
intervals  (an  average  of  48  min  of  additional 
video)  that  followed  the  SERFS  20-min  seg¬ 
ments  than  within  other  parts  of  videos,  and 
longer  sampling  intervals  have  been  associ¬ 
ated  with  increased  arrival  of  targeted  species 
in  other  studies  that  used  underwater  video 
(Watson,  2006;  Watson  et  ah,  2010). 

Given  the  significant  costs  associated  with 
large-scale  marine  research  surveys,  examina¬ 
tion  of  a  complete  video  to  gain  additional  in¬ 
formation  on  large-bodied,  less-abundant  spe¬ 
cies,  such  as  sharks,  represents  a  relatively 
simple  way  to  add  significant  value  to  the  al¬ 
ready  successful  SERFS  (e.g.,  Link  et  al.,  2008; 
Mitchell  et  al.,  2014;  Bacheler  et  al.,  2016).  In 
addition,  the  regional  coverage  of  the  SERFS, 
together  with  habitat  and  environmental  data 
(e.g.,  depth,  temperature,  salinity,  pH,  turbid¬ 
ity)  that  are  collected  annually  at  a  large  num¬ 
ber  of  sites  (-1500  sites  per  year),  provides  an 
important  opportunity  to  collect  relative  abun¬ 
dance  and  habitat  use  information  on  relatively  expan¬ 
sive  spatial  and  temporal  scales  for  a  variety  of  shark 
species  found  in  the  Atlantic  Ocean.  For  example,  the 
distribution  and  biomass  of  sharks  are  influenced  by 
physical  factors,  such  as  sea-surface  temperature,  oce¬ 
anic  primary  productivity,  and  reef  complexity,  and 
by  biological  factors,  such  as  competition,  reproduc¬ 
tion,  lower-trophic-level  biomass,  and  prey  availability 
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Table  2 

Rank  relative  abundance1  of  shark  species  from  the  use  of  3  different  sampling  methods:  analysis  of  entire  video, 
analysis  of  a  20-min  subsample  of  video  (41  frames),  and  underwater  visual  census  (UVC).  Scuba  divers  conducted 
UVC  surveys  simultaneously  with  deployments  of  baited  remote  underwater  video  stations  in  July  2014  on  the  conti¬ 
nental  shelf  off  east-central  Florida.  Also  provided  are  frequency  of  occurrence  (FO)  from  analysis  of  entire  videos  and 
the  mean  number  of  individuals  observed  in  video  subsamples  or  by  divers  over  an  area  of  300  m2.  A  dash  indicates 
that  a  species  was  not  observed  with  this  method. 


Species 

Sampling  method 

Entire 

video  analyzed 

Subsample  of 
video  analyzed 

UVC 

Rank 

relative 

abundance 

FO 

Rank 

relative 

abundance 

Mean 
number  of 
individuals 

Rank 

relative 

abundance 

Mean 
number  of 
individuals 

Ginglymostoma  cirratum 

1 

14% 

3 

0.01 

1 

0.013 

Galeocerdo  cuvier 

2 

8% 

- 

- 

- 

- 

Carcharhinus  b  rev  ip  i  n  n  a 

3 

7% 

1 

0.30 

- 

- 

C.  plumbeus 

4 

5% 

3 

0.01 

2 

0.004 

Rhizoprionodon  terraenovae 

5 

4% 

3 

0.01 

2 

0.004 

C.  leucas 

6 

3% 

2 

0.03 

- 

- 

Negaprion  brevirostris 

6 

3% 

- 

- 

- 

- 

1  For  each  method,  the  smaller  the  number,  the  greater  the  relative  abundance.  See  table  SI  in  Bacheler  et  al.  (2017) 
for  details  about  abundance  determined  with  analysis  of  video  subsamples  and  UVC  for  all  fish  species. 


(Wirsing  et  al.,  2007;  Nadon  et  al.,  2012;  Heupel  and 
Simpfendorfer,  2014).  In  this  study,  chevron  traps  as¬ 
sociated  with  videos  that  recorded  sharks  contained 
significantly  higher  total  numbers  of  individual  fish 
than  traps  associated  with  videos  in  which  sharks  were 
absent,  a  result  that  may  relate  to  prey  availability  at 
sites  from  which  the  former  videos  were  collected. 

Depending  on  the  relative  abundance  of  shark  spe¬ 
cies  encountered  at  the  regional  scale,  these  data  could 
be  used  to  generate  species-specific  abundance  indices 
for  shark  stock  assessments.  Data  gathered  from  video 
analysis  can  provide,  without  the  need  for  extraction 
of  sharks,  estimates  of  relative  abundance  for  a  vari¬ 
ety  of  coastal  shark  species  on  the  continental  shelf 
of  the  southeastern  United  States.  A  standardized, 
non-destructive  method  of  video  analysis  can  supple¬ 
ment  traditional  sampling  methods  (e.g.,  those  that 
use  longlines  or  gillnets).  Brooks  et  al.  (2011)  com¬ 
pared  estimates  of  shark  relative  abundance  from  the 
use  of  BRUVS  and  longline  surveys,  found  significant 
positive  correlations  between  methods  for  the  more 
abundant  species,  and  concluded  that  the  use  of  videos 
from  BRUVS  represented  a  non-invasive,  cost-effective 
alternative  to  the  use  of  longlines  for  monitoring  broad 
trends  in  the  relative  abundance  of  sharks.  A  shark- 
dedicated  addition  to  the  SERFS  would  complement 
the  3  large-scale  regional  longline  surveys  of  sharks 
that  currently  operate  in  the  southeastern  United 
States:  Cooperative  Atlantic  States  Shark  Pupping  and 
Nursery  Survey,  Apex  Predators  Program  Large  Coast¬ 
al  Shark  Survey,  and  Shark  and  Red  Snapper  Bottom 


Longline  Survey.  These  surveys  tend  to  have  annual 
sample  sizes  or  areas  of  coverage  that  are  smaller  than 
and  mostly  inshore  of  those  of  the  SERFS. 

In  our  study,  7  species  of  sharks  were  observed  in 
videos  from  25  of  72  sites  (35%  of  sites).  This  propor¬ 
tion  of  sites  with  sharks  is  high  relative  to  a  regional 
survey  of  the  entire  Great  Barrier  Reef,  off  northeast¬ 
ern  Australia,  that  detected  sharks  in  videos  collected 
during  25%  of  2438  BRUVS  deployments  (Espinoza  et 
al.,  2014),  likely  a  result  of  the  limited  sample  size  and 
spatial  coverage  of  our  study.  The  most  common  finding 
in  both  studies  is  that  a  single  species  of  shark  was 
observed  at  each  site.  In  our  study,  the  nurse  shark 
was  observed  in  greater  abundance  than  other  species, 
followed  in  descending  order  by  the  tiger,  spinner,  and 
sandbar  sharks.  An  assessment  of  population  status  for 
the  sandbar  shark  found  the  stock  to  be  overfished  but 
that  overfishing  was  not  occurring  (SEDAR,  2017),  and 
the  results  of  recent  studies  indicate  potential  recovery 
since  the  early  1990s  for  the  tiger,  spinner,  sandbar, 
bull,  and  lemon  sharks  (Carlson  et  al.,  2012;  Peterson 
et  al.,  2017).  The  only  other  species  observed  in  our 
study  that  has  been  assessed  by  the  National  Marine 
Fisheries  Service,  the  Atlantic  sharpnose  shark,  was 
not  found  to  be  overfished  (SEDAR,  2013). 

The  results  of  our  study  support  the  idea  that  anal¬ 
ysis  of  videos  from  BRUVS  is  superior  to  the  use  of 
UVC  by  divers  for  detecting  sharks,  in  agreement  with 
reports  from  other  studies  (Meekan  and  Cappo,  2004; 
McCauley  et  al.,  2012;  Osgood  and  Baum,  2015;  Bar¬ 
ley  et  al.,  2017).  The  use  of  BRUVS  provides  1)  a  way 
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to  control  for  species-specific  differences  in  attraction 
to  or  avoidance  of  divers  (Kulbicki,  1998;  Watson  and 
Harvey,  2007),  2)  superior  detection  capacity  (McCau¬ 
ley  et  al.,  2012),  3)  easy  deployment  at  much  greater 
depths  and  in  environments  where  diver  safety  may 
be  a  concern  (De  Vos  et  al.,  2015),  and  4)  longer  soak 
times  and  sampling  intervals  because  BRUVS  are  not 
subject  to  decompression  limits  (Watson  et  al.,  2010). 
Additionally,  the  lower  relative  costs  and  fewer  person¬ 
nel  required  for  deployment  of  BRUVS,  compared  with 
those  of  large-scale  UVC  or  longline  sampling,  allow 
larger  sample  sizes  (Willis  et  al.,  2000;  Brooks  et  al., 
2011)  and  facilitate  the  deployment  of  BRUVS  at  large 
spatial  scales  (White  et  al.,  2013;  Espinoza  et  al.,  2014; 
Santana-Garcon  et  al.,  2014).  Studies  of  temperate, 
subtropical,  and  coral  reefs  in  Western  Australia  deter¬ 
mined  that  analysis  of  videos  from  BRUVS  results  in 
greater  species  richness  and  a  greater  number  of  tar¬ 
geted,  carnivorous  large-bodied  species,  such  as  those 
in  the  families  Lethrinidae  and  Serranidae,  whereas 
UVC  conducted  by  divers  results  in  observations  of 
more  site-attached,  cryptic  small-bodied  species,  such 
as  some  members  of  the  families  Pomacentridae,  Labri- 
dae,  and  Scaridae  (Langlois  et  al.,  2010;  Watson  et  al., 
2010).  On  the  other  hand,  observations  in  videos  from 
BRUVS  may  be  affected  by  currents  and  fish  traits, 
such  as  appetite  and  search  behavior,  as  well  as  by 
inter-  or  intraspecific  interactions  (Stoner  et  al.,  2008; 
Barley  et  al.,  2017). 

In  this  study,  sharks  were  observed  at  more  sites 
and  with  a  greater  species  diversity  through  analysis 
of  video  from  BRUVS  than  with  UVC  conducted  by  div¬ 
ers.  By  using  UVC,  3  species  of  sharks  were  recorded 
at  5  sites,  but  7  species  were  observed  in  videos  from 
BRUVS  at  25  sites.  Site-specific  comparisons  of  data 
from  the  use  of  BRUVS  and  UVC  revealed  differences 
in  the  presence  and  absence  of  sharks  and  in  the  spe¬ 
cies  of  sharks  observed.  These  differences  may  reflect 
species-specific  responses  (attraction  or  avoidance)  to 
the  presence  of  divers  versus  traps  (Kulbicki,  1998; 
Meekan  and  Cappo,  2004;  Watson  and  Harvey,  2007). 
For  example,  in  our  study,  the  tiger  shark  was  not  ob¬ 
served  by  divers  but  was  the  second-most  abundant 
shark  observed  in  videos  from  BRUVS.  Meekan  and 
Cappo  (2004)  also  reported  that  divers  rarely  encoun¬ 
tered  hammerhead  sharks  (Sphyrnidae)  and  the  tiger 
shark  but  that  those  taxa  were  recorded  often  in  videos 
from  BRUVS.  Finally,  differences  in  results  between 
the  use  of  UVC  and  analysis  of  videos  from  BRUVS 
in  our  study  may  reflect  the  difference  in  the  spatial 
footprint  of  habitat  sampled  with  the  2  methods:  the 
area  sampled  with  video  recordings  was  not  necessar¬ 
ily  a  subset  of  the  habitat  sampled  with  UVC,  and  in 
some  cases  there  was  no  overlap  at  all  between  the 
areas  covered  by  the  2  methods  (Bacheler  et  al.,  2017). 

Sharks  fill  a  key  ecosystem  role  because  of  their 
predatory  activity.  Although  some  species  are  capable 
of  feeding  at  the  apex  predator  level,  this  group  also 
includes  planktivores,  scavengers,  and  mesocarnivores. 
Sharks  have  been  implicated  in  control  of  the  abun¬ 


dance  and  biomass  of  prey  in  lower  trophic  levels  and 
in  maintenance  of  biological  diversity  (Heupel  et  al., 
2014;  Osgood  and  Baum,  2015;  Terborgh,  2015;  Frisch 
et  al.,  2016;  Barley  et  al.,  2017).  Given  that  the  SERFS 
annually  samples  -1500  sites  across  the  continental 
shelf  from  North  Carolina  to  Florida,  our  observations 
of  7  species  of  sharks  in  videos  from  BRUVS  deployed 
at  a  relatively  small  number  of  geographically  restrict¬ 
ed  sites  indicate  that  a  targeted  analysis,  for  sharks, 
of  videos  collected  as  part  of  the  SERFS  could  provide 
critical  information,  without  requiring  extraction,  for 
some  of  the  42  species3  of  sharks  federally  managed  in 
the  southeastern  United  States.  Such  an  effort  has  the 
potential  to  provide  estimates  of  relative  abundance 
for  assessments  of  shark  stocks,  improve  predictions 
of  spatiotemporal  distribution,  and  aid  in  the  identi¬ 
fication  of  essential  fish  habitat  for  these  important 
predators. 
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Abstract — For  anadromous  Pacific 
salmon  ( Oncorhynchus  sp.),  ocean 
conditions  during  their  initial  entry 
into  the  marine  environment  can 
greatly  affect  their  survival.  Dif¬ 
ferent  life  history  types  or  stocks 
may  experience  different  conditions 
during  their  marine  entry  because 
routes  of  early  marine  migration 
can  differ  among  types  or  stocks. 
Steelhead  (O.  mykiss)  from  the  Co¬ 
lumbia  River  are  believed  to  migrate 
offshore  quickly  once  they  enter  the 
ocean,  but  little  is  known  about 
whether  life  history  or  stock-specific 
differences  in  early  marine  migra¬ 
tion  exist.  We  assembled  a  baseline 
of  steelhead  genetic  data  that  al¬ 
lowed  us  to  estimate  the  genetic 
stock  of  origin  for  juvenile  steelhead 
that  had  been  caught  off  the  coasts 
of  Washington  and  Oregon  in  May, 
shortly  after  their  out-migration 
from  freshwater.  We  found  differ¬ 
ences  in  the  average  locations  of 
the  various  genetic  stock  groups  of 
the  Columbia  River,  dissimilarities 
that  were  most  likely  due  to  differ¬ 
ences  in  the  timing  of  the  marine 
entry  of  juveniles.  We  also  observed 
considerable  variation  among  years 
in  the  average  location  where  we 
caught  steelhead  and  in  the  number 
of  steelhead  caught,  results  indicat¬ 
ing  that  freshwater  or  marine  condi¬ 
tions  can  influence  the  behavior  or 
survival  of  steelhead. 
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Anadromous  Pacific  salmon  (On- 
corhynchus  sp.)  utilize  the  marine 
environment  for  rapid  growth  to  ma¬ 
turity.  Results  of  studies  have  indi¬ 
cated  that  the  initial  months  after 
entry  into  saltwater  are  important 
to  the  survival  of  steelhead  and  that 
this  time  period  affects  year-class 
strength  (Pearcy,  1992;  Hare  and 
Francis,  1995).  Therefore,  under¬ 
standing  their  marine  distribution 
and  migration,  and  how  they  respond 
to  different  marine  conditions  dur¬ 
ing  those  initial  months,  can  provide 
knowledge  of  the  variables  that  con¬ 
tribute  to  strong  year  classes. 

The  Columbia  River  is  home  to 
several  species  of  salmonids,  many 
of  which  have  been  listed  as  threat¬ 
ened  or  endangered  under  the  U.S. 
Endangered  Species  Act,  including 
steelhead  (Oncorhynchus  mykiss ). 
Steelhead  are  the  life  history  vari¬ 
ant  of  O.  fnykiss  that  migrate  from 
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their  place  of  birth  in  freshwater  to 
the  ocean,  where  they  remain  for 
several  years  before  returning  to 
their  river  of  origin  to  spawn.  For 
steelhead  from  the  Columbia  River 
Basin,  populations  in  the  Lower, 
Middle,  and  Upper  Columbia,  Upper 
Willamette,  and  Snake  Rivers  are 
listed  as  threatened  (NWFSC,  2015). 
Despite  the  imperiled  status  of  these 
populations,  the  greatest  number  of 
steelhead  in  the  Pacific  Northwest 
are  produced  in  the  Columbia  River 
(Busby  et  al.,  1996),  contributing 
significantly  to  highly  valued  recre¬ 
ational  and  tribal  fisheries  through¬ 
out  the  region. 

The  Columbia  River  contains  2 
phylogenetic  groups  (subspecies)  of 
steelhead  that  are  separated  by  the 
Cascade  Mountain  Range:  coastal 
steelhead  ( O .  mykiss  irideus)  and 
Columbia  River  redband  steelhead 
( O .  mykiss  gairdnerii),  the  latter 
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Table  1 

Genetic  stock  groups  and  run  types  of  the  148  populations  of  steelhead  ( Oncorhynclius  mykiss )  used  in 
genetic  stock  identification  analyses  in  this  study  of  the  early  marine  migration  of  steelhead  from  the 
Columbia  River.  The  2  phylogenetic  groups  or  subspecies  of  steelhead  are  coastal  steelhead  (O.  mykiss 
irideus )  and  Columbia  River  redband  steelhead  (O.  mykiss  gairdnerii ),  commonly  referred  to  as  inland 
steelhead. 


Genetic  stock  group 

Phylogenetic 

group 

No.  of 
populations 

Run  type 

Puget  Sound/Strait  of  Juan  de  Fuca 

Coastal 

12 

Winter 

Washington  coast 

Coastal 

7 

Winter 

Lower  Columbia  River  summer  run 

Coastal 

4 

Summer 

Lower  Columbia  River  winter  run 

Coastal 

17 

Winter 

Middle  and  LTpper  Columbia  River/Lower  Snake  River 

Inland 

67 

Summer 

Middle  and  Upper  Snake  River 

Inland 

28 

Summer 

Oregon  coast 

Coastal 

7 

Summer,  winter 

Klamath  Mountains  Province 

Coastal 

3 

Summer,  winter 

Northern  California 

Coastal 

2 

Summer,  winter 

Central  Valley,  California 

Coastal 

1 

Winter 

of  which  is  commonly  referred  to  as  inland  steelhead 
(Busby  et  ah,  1996;  Blankenship  et  al.,  2011).  Within 
these  groups,  there  are  2  life  history  types  that  are 
identified  by  the  time  of  year  when  they  return  to 
freshwater  and  by  their  maturity  status  when  they  ar¬ 
rive  in  freshwater.  The  inland  group  is  composed  al¬ 
most  exclusively  of  summer-run  steelhead  (Busby  et  al., 
1996).  These  are  stream-maturing  steelhead  that  enter 
freshwater  between  May  and  October,  when  they  are 
still  sexually  immature,  and  remain  in  freshwater  for 
several  months  until  they  mature  and  spawn.  Summer- 
run  stocks  are  present  also  in  populations  of  coastal 
steelhead,  but  this  group  is  primarily  composed  of 
winter-run  steelhead.  Winter-run  steelhead  are  ocean¬ 
maturing  fish  that  enter  freshwater  between  November 
and  April  almost  fully  mature,  and  they  spawn  shortly 
after  entry  into  a  river. 

Steelhead  of  the  Columbia  River  out-migrate  from 
freshwater  to  saltwater  through  the  Columbia  River  es¬ 
tuary  in  springtime,  with  peak  out-migration  occurring 
in  mid-May  (Weitkamp  et  ah,  2012;  Weitkamp  et  al., 
2015).  They  travel  through  the  estuary  quickly  (Dawley 
et  al.,  1986)  and,  after  reaching  the  marine  environ¬ 
ment,  move  quickly  into  offshore  waters  before  head¬ 
ing  north  to  the  Gulf  of  Alaska  (Burgner  et  al.,  1992; 
Brodeur  et  al.,  2004;  Quinn  and  Myers,  2004;  Daly  et 
al.,  2014).  This  movement  contrasts  with  that  of  other 
salmonids,  such  as  Chinook  ( Oncorhyjichus  tshawyts- 
cha )  and  coho  ( O .  kisutch)  salmon,  which  remain  closer 
to  the  coast  as  they  migrate  northward  (Van  Doornik  et 
al.,  2007;  Teel  et  al.,  2015).  The  rapid  offshore  migra¬ 
tion  of  steelhead  could  be  related  to  a  need  to  quickly 
travel  to  areas  where  the  fish  larvae  on  which  they 
prey  are  more  abundant  (Daly  et  al.,  2014).  However, 
it  is  not  known  if  there  are  stock-specific  differences  in 
routes  of  early  marine  migration. 

Variation  among  individuals  in  migration  routes  can 


affect  survival  (Furey  et  al.,  2015),  and,  if  differences 
in  migration  routes  among  stocks  exist,  factors,  such  as 
oceanographic  conditions,  hatchery  practices,  or  man¬ 
agement  of  water  flow  through  the  hydroelectric  dams 
of  the  Columbia  River,  could  affect  the  survival  of  dif¬ 
ferent  stocks  in  different  ways.  Therefore,  our  goals  for 
this  study  were  to  determine  if  there  are  differences  in 
the  early  marine  migration  of  steelhead  among  genetic 
stock  groups  and  if  any  such  differences  vary  from  year 
to  year. 

Materials  and  methods 
Sample  collection  and  genotyping 

To  estimate  the  genetic  stock  to  which  each  juvenile 
steelhead  belonged,  we  first  had  to  create  a  baseline  of 
genotypic  data  for  steelhead  populations  whose  mem¬ 
bers  were  likely  to  be  found  in  our  study  area.  No  such 
baseline  existed;  therefore,  we  compiled  genotypic  data 
collected  by  several  genetics  laboratories  based  on  the 
West  Coast  of  the  United  States.  Data  for  populations 
of  Puget  Sound,  the  Strait  of  Juan  de  Fuca,  and  the 
Washington  coast  were  provided  by  the  Washington 
Department  of  Fish  and  Wildlife  (T.  Seamons,  unpubl. 
data).  Data  for  steelhead  of  the  Columbia  River  were 
obtained  from  the  Columbia  River  Inter-Tribal  Fish 
Commission  and  Idaho  Department  of  Fish  and  Game 
(data  available  from  website,  accessed  January  2016; 
Hess  et  al.1;  Matala  et  al.,  2014).  The  NOAA  Northwest 


1  Hess,  J.  E.,  N.  R.  Campbell,  A.  R  Matala,  and  S.  R.  Narum. 
2013.  2012  annual  report:  genetic  assessment  of  Columbia 

River  stocks,  147  p.  Div.  Fish  Wildl.,  Bonneville  Power  Ad¬ 
min.,  U.S.  Dep.  Energy,  Portland,  OR  [Available  from  web¬ 
site,  accessed  July  2018.] 


Van  Doornik  et  al.:  Stock-specific  distribution  of  juvenile  Oncorhynchus  mykiss  during  early  marine  migration 


99 


126°W 


44°N  — 


40°N  — 


48°N 


120°W 


114°W 

I 


Genetic  stock  group 

O  Puget  Sound/Strait  of  Juan  de  Fuca 
O  Washington  coast 

•  Lower  Columbia  River  summer  run 
O  Lower  Columbia  River  winter  run 

O  Middle  and  Upper  Columbia  River/Lower  Snake  River 
©  Middle  and  Upper  Snake  River 
O  Oregon  coast 
O  Klamath  Mountains  Province 
O  Northern  California 

•  Central  Valley,  California 
O  Ocean  sampling  locations 


Figure  1 

Map  showing  the  sampling  locations  for  steelhead  ( Oncorhynchus  mykiss )  used  in  a 
baseline  of  genotypic  data  for  populations  assigned  to  each  genetic  stock  group.  Also 
shown  are  the  locations  of  ocean  sampling,  conducted  for  this  study  in  2006-2012 
along  7  latitudinal  transects  called  (from  north  to  south)  Father  and  Son,  LaPush, 
Queets  River,  Grays  Harbor,  Willapa  Bay,  Columbia  River,  and  Cape  Meares. 


Fisheries  Science  Center  collected  genotypes  for  sam¬ 
ples  collected  from  coastal  rivers  of  Oregon  and  Cali¬ 
fornia  (data  available  from  website,  accessed  December 
2017).  The  compiled  baseline  consisted  of  genotypes  of 
9934  steelhead  from  148  populations  (Table  1,  Fig.  1). 

Ocean-caught  samples  were  obtained  as  part  of  a 
much  larger  project  studying  the  early  marine  ecol¬ 
ogy  of  salmon  from  the  Columbia  River  (Brodeur  et  al., 
2000;  Brodeur  et  al.,  2005).  The  steelhead  samples  used 
in  this  study  were  collected  from  trawl  hauls  made  in 
May  in  each  year  of  the  period  2006-2012.  Sampling 
was  conducted  off  the  coasts  of  Washington  and  Oregon 
along  7  transects,  from  48°13.7'N  to  45°29.0'N  (Fig. 
1),  by  towing  a  Nordic  264-rope  trawl  (Nor’Eastern 
Trawl  Systems,  Inc.2,  Bainbridge  Island,  WA)  at  a 


2  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 
tification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


speed  of  approximately  1.6  m/s  for  30  min  (Brodeur  et 
al.,  2005).  The  same  vessel,  gear,  trawling  depth,  and 
speed  were  implemented  each  year.  At  the  time  of  cap¬ 
ture,  fish  were  identified  to  species,  measured  (in  fork 
length),  and  then  frozen  on  board  the  sampling  vessel. 
In  the  laboratory,  fish  were  thawed,  re-measured,  and 
examined  for  marks  indicating  hatchery  origin,  such 
as  adipose  fin  clips  or  coded-wire  tags,  and  a  portion  of 
their  caudal  fin  tissue  was  preserved  in  100%  ethanol. 

Procedures  for  genotyping  samples  differed  slightly 
among  the  laboratories  contributing  data  to  this  proj¬ 
ect,  but  all  were  similar  to  the  method  described  by 
Hess  et  al.1.  In  general,  fish  were  genotyped  for  131  or 
180  single  nucleotide  polymorphism  (SNP)  loci  (Hess 
et  al.1)  by  amplifying  loci  of  interest  through  the  use 
of  polymerase  chain  reactions  (PCR).  The  resulting 
PCR  products  were  then  visualized  by  using  genotyp¬ 
ing  platforms  from  either  Fluidigm  Corp.  (South  San 
Francisco,  CA)  or  Illumina,  Inc.  (San  Diego,  CA). 
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Genetic  stock  identification 

Estimates  of  the  stock  of  origin  for  each  fish  were 
made  by  using  genetic  stock  identification  (GSI).  To 
perform  GSI,  we  used  the  algorithms  employed  by  the 
software  ONCOR  (Kalinowski  et  al.,  2007).  The  ON- 
COR  program  uses  the  partial-Bayesian  algorithms 
of  Rannala  and  Mountain  (1997)  with  an  expectation 
maximization  algorithm  to  assign  individuals  to  their 
most  likely  population  of  origin  by  using  a  baseline  of 
genetic  information  collected  from  samples  of  known 
origin.  A  critical  assumption  of  this  method  is  that  all 
possible  source  populations  are  in  the  baseline.  This 
assumption  is  unlikely  to  be  met  in  most  studies  of  this 
type,  including  ours.  However,  assignment  likelihoods 
are  correlated  with  the  hierarchical  genetic  structure 
typical  of  salmonids  such  that,  if  the  source  population 
is  not  in  the  baseline  but  a  genetically  similar  popula¬ 
tion  is,  the  unknown  individual  will  likely  be  assigned 
to  the  correct  hierarchical  genetic  group  for  the  actual 
source  population.  The  groups  to  which  we  assigned 
our  samples  were  determined  by  examining  the  ac¬ 
curacy  of  different  configurations  with  leave-one-out 
cross-validation  analyses. 

Once  the  genetic  stock  groups  were  established,  we 
employed  a  2-tiered  approach  to  determine  the  genetic 
stock  origin  of  each  ocean-caught  steelhead.  First,  we 
used  the  program  ONCOR  to  assign  individuals  to  1 
of  7  genetic  stock  groups  from  a  baseline  of  131  SNP 
loci  from  148  populations  sampled  in  an  area  from  the 
Central  Valley  of  California  to  Puget  Sound,  Wash¬ 
ington.  This  first  tier  of  GSI  assignments  provided  us 
with  the  resolution  adequate  for  determining  whether 
samples  originated  from  the  Columbia  River  Basin  or 
from  another  region.  The  accuracy  of  this  baseline  was 
estimated  by  using  the  leave-one-out  method  as  imple¬ 
mented  in  ONCOR.  This  leave-one-out  method  removes 
an  individual  fish  from  the  baseline  and  treats  it  like 
an  individual  with  an  unknown  origin,  while  assigning 
it  to  a  group  by  using  the  remaining  individuals  in  the 
baseline.  This  procedure  is  repeated  for  all  individuals 
in  the  baseline,  and  a  running  total  of  how  many  of 
the  assignments  were  correct  is  used  to  estimate  the 
accuracy  of  the  baseline. 

Second,  samples  that  were  assigned  to  the  Columbia 
River  genetic  stock  group  during  the  first  analysis  were 
then  analyzed  with  ONCOR  by  using  a  baseline  of  180 
SNP  loci  from  116  populations  of  the  Columbia  River 
(Hess  et  al.1),  to  determine  to  which  of  the  4  genetic 
stock  groups  of  the  Columbia  River  each  of  those  fish 
belonged.  The  accuracy  of  this  baseline  was  also  tested 
by  using  the  leave-one-out  method. 

Some  of  the  assignments  of  fish  sampled  from  the 
Columbia  River  were  made  by  using  the  technique 
known  as  parentage-based  tagging,  with  the  software 
SNPPIT,  vers.  1.0  (Anderson3).  Parentage-based  tag¬ 


3  Anderson,  E.  C.  2010.  Computational  algorithms  and 
user-friendly  software  for  parentage-based  tagging  of  Pa¬ 
cific  salmonids.  Final  report  submitted  to  the  Pacific  Salmon 


ging  is  accomplished  by  genotyping  as  many  hatchery 
adult  broodstock  within  a  region  as  possible  and  then 
implementing  parentage  assignments  to  identify  the 
offspring  of  those  adults  when  they  are  sampled  in  a 
mixture  of  unknown  individuals  (Steele  et  al.,  2013). 
Although  we  were  not  necessarily  interested  in  know¬ 
ing  the  hatchery  of  origin  of  our  samples,  this  method 
can  increase  the  accuracy  of  the  GSI  assignments  be¬ 
cause  offspring  are  assigned  directly  to  their  parents 
rather  than  to  a  geographic  region  on  the  basis  of 
their  genotype  frequencies.  At  the  time  of  our  analy¬ 
ses,  parentage-based  tagging  data  were  available  only 
for  adults  that  spawned  in  2009-2012  at  hatcheries  in 
the  Snake  River  (data  available  from  website,  accessed 
January  2016). 

Stock  distributions  and  catch 

Using  the  genetic  stock  assignments  for  each  fish,  we 
examined  stock-specific  distributions  in  our  study  area. 
To  obtain  a  measure  of  steelhead  relative  abundance, 
we  calculated  values  of  stock-specific  catch  per  unit  of 
effort  (CPUE)  simply  as  the  number  of  fish  caught  di¬ 
vided  by  the  number  of  kilometers  trawled.  We  then 
compared  CPUE  among  years.  In  addition,  we  calculat¬ 
ed  the  average  CPUE  for  each  stock  for  each  year  and 
then  averaged  those  values  across  years  to  estimate 
an  overall  stock-specific  CPUE,  giving  equal  weight  to 
all  years. 

Steelhead  that  originate  from  the  Columbia  River 
represent  several  distinct  genetic  stock  groups  and  ori¬ 
gins  (hatchery  and  wild),  but  they  all  enter  the  ocean 
at  close  to  the  same  location,  the  mouth  of  the  Co¬ 
lumbia  River.  To  examine  differences  in  early  marine 
migration  among  these  groups,  latitude  and  longitude 
values  were  averaged  for  all  fish  originating  from  the 
same  genetic  stock  group.  Latitude  and  longitude  val¬ 
ues  had  been  recorded  for  each  trawl  haul  during  sam¬ 
pling.  These  annual  averages  of  latitude  and  longitude 
for  each  genetic  stock  group  then  were  averaged  over 
all  years,  to  equally  weight  each  year,  and  standard 
deviations  were  calculated.  Differences  in  latitude  also 
were  converted  to  distance  in  kilometers  (by  using  a 
conversion  calculator  available  from  the  NOAA  Na¬ 
tional  Hurricane  Center  at  website,  accessed  Novem¬ 
ber  2018). 


Results 

Genetic  stock  groups 

The  genetic  stock  groups  we  chose  for  genetic  assign¬ 
ments  were  those  that  provided  the  highest  degree  of 
geographic  resolution,  while  still  retaining  high  ac¬ 
curacy  and  close  alignment  with  the  distinct  popula¬ 
tion  segments  identified  in  assessments  completed  as 


Commission’s  Chinook  Technical  Committee  (US  Section),  43 
p.  [Available  from  website,  accessed  July  2018.] 
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Table  2 

Percentage  of  individuals  correctly  assigned  to  their  stock  of  origin,  determined  by  using  leave-one-out  simulations,  for  7  ge¬ 
netic  stock  groups  of  steelhead  f Oncorhynchus  mykiss),  ranging  from  the  Central  Valley  of  California  to  Puget  Sound,  Wash¬ 
ington.  The  genetic  stock  groups  in  the  left  column  represent  the  groups  from  which  fish  originated,  and  the  genetic  stock 
groups  in  the  column  heads  identify  the  genetic  stock  group  to  which  fish  were  assigned  by  using  genetic  stock  identification. 


Genetic  stock  group 

Puget  Sound 
Strait  of 
Juan  de  Fuca 

Washington 

coast 

Columbia 

River 

Oregon 

coast 

Northern 

California 

Klamath 

Mountains 

Province 

Central 

Valley, 

California 

Puget  Sound/Strait  of  Juan  de  Fuca 

90.3% 

6.6% 

2.3% 

0.8% 

0.0% 

0.0% 

0.0% 

Washington  coast 

8.1% 

84.1% 

6.4% 

1.3% 

0.0% 

0.0% 

0.0% 

Columbia  River 

0.3% 

0.3% 

99.2% 

0.1% 

0.0% 

0.0% 

0.0% 

Oregon  coast 

2.3% 

4.7% 

6.3% 

86.7% 

0.0% 

0.0% 

0.0% 

Northern  California 

0.0% 

0.0% 

0.0% 

0.0% 

100.0% 

0.0% 

0.0% 

Klamath  Mountains  Province 

0.0% 

0.0% 

0.0% 

0.0% 

0.0% 

100.0% 

0.0% 

Central  Valley,  California 

0.0% 

0.0% 

0.0% 

0.0% 

0.0% 

0.0% 

100.0% 

Table  3 

Percentage  of  individuals  correctly  assigned  to  their  stock  of  origin,  determined  by  using  leave-one-out  simulations,  for  4 
Columbia  River  genetic  stock  groups  of  steelhead  (Oncorhynchus  mykiss ).  The  genetic  stock  groups  in  the  left  column  rep¬ 
resent  the  groups  from  which  fish  originated,  and  the  genetic  stock  groups  in  the  column  heads  identify  which  genetic  stock 

groups  fish  were  assigned  to  by  using  genetic  stock  identification. 

Middle  and 

Lower  Columbia 

Lower  Columbia 

Upper  Columbia 

Middle  and 

River 

River 

River/Lower 

Upper 

Genetic  stock  group 

summer  run 

winter  run 

Snake  River 

Snake  River 

Lower  Columbia  River  summer  run 

89.2% 

10.8% 

0.0% 

0.0% 

Lower  Columbia  River  winter  run 

5.4% 

93.4% 

1.0% 

0.2% 

Middle  and  Upper  Columbia  River/Lower  Snake  River 

0.1% 

0.1% 

91.4% 

8.4% 

Middle  and  Upper  Snake  River 

0.0% 

0.0% 

7.6% 

92.4% 

required  under  the  Endangered  Species  Act  (Busby  et 
al.,  1996;  NWFSC,  2015).  The  first-tier  baseline,  with 
131  loci  from  148  coast-wide  populations,  had  high 
self-assignments  within  each  reporting  group  (Table  2). 
The  overall  within-group  self-assignment  average  was 
94.1%.  The  least  accurate  group  for  this  configuration 
was  the  Washington  coast  group,  with  an  average  of 
84.1%.  The  majority  of  the  incorrect  assignments  for 
this  group  were  made  to  the  Columbia  River  group. 

The  second-tier  baseline,  with  180  loci  from  109  pop¬ 
ulations  of  the  Columbia  River,  had  an  overall  within- 
group  self-assignment  accuracy  of  91.9%  (Table  3).  The 
least  accurate  group  for  this  baseline  was  the  Lower 
Columbia  River  summer-run  group,  with  an  average  of 
89.2%  and  the  majority  of  incorrect  assignments  made 
to  the  Lower  Columbia  River  winter-run  group. 

Of  our  ocean-caught  samples,  34  fish  had  been 
tagged  previously  with  coded-wire  tags,  which  pro¬ 
vided  identification  of  their  hatchery  of  origin.  These 
fish  originated  from  4  of  our  genetic  stock  groups  and 
provided  a  further  means  to  assess  the  accuracy  of  our 


baselines  and  genetic  stock  groups.  Our  GSI  estimates 
agreed  100%  with  the  stock  origins  indicated  by  the 
tags  for  those  samples. 

Genetic  stock  identification 

During  the  surveys  conducted  in  May,  490  steelhead 
were  caught,  with  high  variation  in  the  number  of  fish 
caught  among  years  (Table  4).  The  majority  (68.8%)  of 
the  fish  caught  were  marked,  indicating  that  they  had 
a  hatchery  origin.  This  proportion  is  an  underestimate 
of  the  true  proportion  of  fish  with  a  hatchery  origin 
in  our  sample,  given  that  the  marking  rate  of  steel¬ 
head  from  hatcheries  in  the  Columbia  River  was  83.2% 
during  our  sampling  period  (Regional  Mark  Processing 
Center,  Regional  Mark  Information  Database,  available 
from  website,  accessed  July  2017).  Steelhead  captured 
in  the  trawl  hauls  originated  from  8  of  the  10  genetic 
reporting  groups,  but  the  vast  majority  of  them  were 
from  the  Columbia  River  (78.3%).  Only  one  steelhead 
was  identified  as  having  originated  from  any  of  the  3 
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Table  4 

The  number  of  juvenile  steelhead  ( Oncorhynchus  mykiss)  caught  each  year  from  each  genetic  stock  group,  the  number  that 
were  marked  with  a  tag  or  fin  clip,  and  the  overall  catch  per  unit  of  effort  (CPUE)  for  each  year  in  the  period  2006-2012  and 
summarized  over  all  sampling  stations  in  a  study  area  from  Puget  Sound,  Washington,  to  the  Central  Valley  of  California. 

Year 

Total 

number 

Puget 
Sound/ 
Strait  of 
Juan  de 
Fuca 

Washing¬ 

ton 

coast 

Lower 

Columbia 

River 

summer 

run 

Lower 

Columbia 

River 

winter 

run 

Mid  and 
Upper 
Columbia 
River 
Lower 
Snake 
River 

Mid  and 
Upper 
Snake 
River 

Oregon 

coast 

Central 

Valley, 

California 

Marked 

Overall 

CPUE 

2006 

234 

2 

16 

33 

44 

82 

54 

3 

0 

193 

2.095 

2007 

45 

5 

11 

2 

19 

5 

0 

2 

1 

17 

0.273 

2008 

72 

4 

23 

4 

9 

12 

16 

4 

0 

40 

0.446 

2009 

41 

4 

8 

3 

8 

8 

10 

0 

0 

29 

0.274 

2010 

46 

1 

10 

6 

18 

7 

3 

1 

0 

27 

0.397 

2011 

38 

2 

9 

3 

11 

8 

4 

1 

0 

23 

0.173 

2012 

14 

0 

0 

1 

1 

5 

7 

0 

0 

8 

0.151 

0  80 


Genetic  stock  group 

Puget  Sound/Strait  of  Juan  de  Fuca 

□  Washington  coast 

■  Lower  Columbia  River  summer  run 
Q  Lower  Columbia  River  winter  run 

■  Middle  and  Upper  Columbia  River/Lower  Snake  River 
B  Middle  and  Upper  Snake  River 

□  Oregon  coast 

■  Central  Valley,  California 


JIJIh.  jfl 


2006 


2007 


2008 


2009 

Year 


2010 


2011 


2012 


Figure  2 

Catch  per  unit  of  effort  (CPUR)  of  steelhead  ( Oncorhynchus  mykiss)  from 
trawl  hauls  conducted  in  2006-2012  off  the  coasts  of  Washington  and  Or¬ 
egon,  by  genetic  stock  group  and  year.  Values  of  CPUE  were  calculated  as 
the  number  of  fish  caught  divided  by  the  number  of  kilometers  trawled. 


southernmost  genetic  stock  groups  (in  the  Central  Val¬ 
ley  of  California).  That  individual  was  not  included  in 
subsequent  analyses. 

Stock  distributions  and  catch 

There  was  considerable  variation  in  CPUE  among  years 
(Fig.  2).  The  CPUE  values  in  2006  were  considerably 
greater  than  those  in  any  other  year,  especially  for 


the  genetic  stock  groups  that  included 
populations  in  the  Snake  River.  The 
genetic  stock  group  with  the  greatest 
CPUE  value  varied  over  the  study  pe¬ 
riod,  but  it  was  usually  a  group  of  the 
Columbia  River,  except  in  2008,  when 
the  group  from  the  Washington  coast 
had  the  greatest  CPUE  value  (Table  4). 

There  was  also  considerable  varia¬ 
tion  in  CPUE  among  transects  of  the 
trawl  hauls  each  year  (Fig.  3).  In 
2006,  the  distribution  of  the  steel- 
head  caught  was  different  than  in  all 
the  other  years  because  most  of  the 
steelhead  were  caught  in  the  3  south¬ 
ernmost  transects,  especially  in  those 
off  Cape  Meares,  Oregon.  Steelhead 
were  caught  on  that  transect  in  only 
one  other  year:  2012.  The  transect  in 
Willapa  Bay,  Washington,  was  where 
most  of  the  steelhead  were  caught 
in  2010,  especially  Lower  Columbia 
River  winter-run  fish,  whereas  the 
greatest  concentration  of  fish  occurred 
on  the  northernmost  transect,  Father 
and  Son,  in  2011.  The  catch  in  other 
years  was  spread  more  evenly  among 
transects. 

On  average,  steelhead  from  each  genetic  stock  group 
were  found  north  of  the  mouth  of  the  Columbia  River 
(Fig.  4).  Lower  Columbia  River  steelhead  were  found 
farther  north  than  other  stock  groups  of  the  Columbia 
River.  In  particular,  the  Lower  Columbia  River  winter- 
run  steelhead  were  found  farther  north  than  all  other 
stock  groups,  although  there  was  considerable  over¬ 
lap  in  the  standard  deviations  of  latitudes  among  all 
groups.  The  greatest  difference  in  latitude  (90  km)  was 


Van  Doornik  et  al.:  Stock-specific  distribution  of  juvenile  Oncorhynchus  mykiss  during  early  marine  migration 


103 


3.00 

2.00 

1.00 

0.00 


2006 


Genetic  stock  group 

0  Puget  Sound/Strait  of  Juan  de  Fuca 

□  Washington  coast 

■  Lower  Columbia  River  summer  run 
ED  Lower  Columbia  River  winter  run 

IS  Middle  and  Upper  Columbia  River/Lower  Snake  River 

□  Middle  and  Upper  Snake  River 

□  Oregon  coast 

■  Central  Valley,  California 


UJ 

3 

0- 


0.75  -I 
0.50  - 
0.25  - 
0.00  - 


2012 


O 

CO 

~o 

c 

CD 

i_ 

CD 

JZ 


CO 

3 

Q. 

CD 


O 

-Q 

CD 

X 

co 

>% 

CD 

O 


>% 

CD 

CO 

CD 

Q. 

CD 


CD 

> 

ir 

CD 

_Q 

E 

_3 

O 

a 


cL 


<o 

CD 

CD 

CD 


CD 

Q. 

CD 

O 


Transect 

Figure  3 


Catch  per  unit  of  effort  (CPUE)  of  steelhead  ( Oncorhynchus  mykiss)  from  trawl  hauls  conducted  in  2006-2012 
off  the  coasts  of  Washington  and  Oregon,  by  transect.  Transects  are  arranged  north  to  south  on  the  x-axis.  Note 
that  the  y-axis  scale  is  different  for  2006  and  2010.  For  transect  locations,  see  Figures  1  and  4. 
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between  the  Lower  Columbia  River  winter-run  and  the 
Middle  and  Upper  Snake  River  groups.  The  Lower  Co¬ 
lumbia  River  winter-run  group  also  was  found  farther 
north  (44  km)  than  the  Lower  Columbia  River  summer- 
run  group.  The  average  longitude  values  indicate  that 
we  tended  to  catch  steelhead  at  our  westernmost  (far¬ 
thest  from  shore)  sampling  stations. 


Discussion 

Using  GSI,  we  examined  the  distribution  of  steelhead 
juveniles  off  the  coast  of  Oregon  and  Washington  dur¬ 
ing  their  early  marine  migration  and  found  differences 
in  relative  abundance  and  distribution  among  genetic 
stocks  and  years.  From  this  work,  we  provide  the  first 
published  evidence  of  stock-specific  distributions  of  ju¬ 
venile  steelhead  from  the  Columbia  River.  Steelhead 
from  the  Lower  Columbia  River  winter-  and  summer- 
run  groups  were  found,  on  average,  farther  north  than 
fish  from  other  genetic  stock  groups  of  the  Columbia 
River.  The  simplest  explanation  for  this  observation  is 
a  difference  in  the  timing  of  marine  entry  among  these 
groups.  Lower  Columbia  River  steelhead  have  been 
observed  to  migrate  through  the  estuary  earlier  than 
other  genetic  stock  groups  of  steelhead  from  the  Co¬ 
lumbia  River  (Weitkamp  et  al.,  2015).  Therefore,  at  the 
time  of  our  sampling,  they  had  been  in  the  ocean  for  a 
longer  period,  giving  them  more  time  to  travel  north. 
We  also  observed  that  between  the  Lower  Columbia 
River  steelhead  genetic  stock  groups,  the  winter-run 
fish  were  found  farther  north  than  the  summer-run 
fish.  Additional  analysis  of  data  from  Weitkamp  et 
al.  (2015)  revealed  that,  on  average,  Lower  Columbia 
River  winter-run  steelhead  passed  through  the  estuary 
3.1  d  earlier  than  summer-run  steelhead,  a  finding  that 
could  explain  why  we  found  them  farther  north,  but 
this  difference  in  timing  was  not  significant  (£=1.52, 
P=0.203). 

Although  our  research  focused  on  stocks  of  steelhead 
from  the  Columbia  River,  there  were  a  few  interesting 
results  regarding  other  stocks.  Of  note  is  the  presence 
of  fish  from  the  Oregon  coast  in  our  catches,  indicating 
that  not  all  steelhead  from  that  area  migrate  directly  to 
offshore  waters  before  heading  north,  as  has  been  gen¬ 
erally  accepted  (Myers,  2018).  Some  of  these  fish  may 
have  migrated  up  to  300  km  north  before  they  entered 
our  study  area.  However,  given  the  low  CPUE  values 
for  this  stock,  the  majority  of  them  may  already  have 
been  offshore  outside  of  our  study  area  and  the  few  that 
were  caught  likely  were  migrating  closer  to  the  coast. 
Also,  in  our  study  area,  we  caught  steelhead  that  were 
assigned  to  the  genetic  stock  group  from  Puget  Sound 
and  the  Strait  of  Juan  de  Fuca,  indicating  that  they 
did  not  migrate  north  immediately  (we  caught  them  at 
locations  that  were  south  of  the  entrance  to  the  Strait 
of  Juan  de  Fuca,  through  which  they  pass).  However, 
the  Chambers  Creek  hatchery  steelhead  stock,  a  stock 
that  originated  in  Puget  Sound,  has  been  raised  and 
released  extensively  by  hatcheries  in  Washington,  in- 
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Figure  4 

Average  latitude  and  longitude  over  all  years,  with 
standard  deviations,  of  the  locations  where  juvenile 
steelhead  (Oncorliynchus  mykiss)  from  each  genetic 
stock  group  were  caught  in  2006-2012  off  the  coasts  of 
Washington  and  Oregon.  The  diameters  of  the  circles 
indicate  the  average  catch  per  unit  of  effort  (CPUE)  for 
each  genetic  stock  group.  Plus  signs  indicate  locations 
of  ocean  sampling,  and  the  black  dotted  line  traces  the 
180-m  depth  contour. 


eluding  those  located  on  rivers  of  the  Washington  coast 
and  the  Lower  Columbia  River  (Busby  et  al.,  1996). 
Therefore,  it  is  possible  that  the  fish  we  caught  were 
progeny  of  stock  from  Chambers  Creek  released  into 
rivers  not  within  the  Puget  Sound  Basin. 
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We  observed  a  considerable  difference  in  both  CPUE 
and  location  of  juvenile  steelhead  between  2006  and 
the  other  years  of  our  study  period.  It  is  possible  that 
some  of  the  variability  in  our  sampling  success  was  a 
result  of  sampling  essentially  in  the  right  place  at  the 
right  time,  a  time  and  place  that  varies  from  year  to 
year.  For  example,  in  2007,  we  caught  no  steelhead 
from  the  Middle  and  Upper  Snake  River  and  very  few 
steelhead  from  the  Middle  and  Upper  Columbia  Riv¬ 
er  or  Lower  Snake  River.  The  numbers  of  releases  of 
hatchery-reared  steelhead  from  those  areas  in  2007 
were  similar  to  those  in  other  years  (Fish  Passage  Cen¬ 
ter,  hatchery  releases  of  steelhead  during  2006-2016, 
available  from  website,  accessed  February  2017);  there¬ 
fore,  the  timing  of  our  sampling  may  have  resulted  in 
our  failure  to  catch  fish  from  those  stocks.  We  know 
that  juvenile  steelhead  do  not  stay  in  our  study  area 
for  long.  McMichael  et  al.  (2013)  found  evidence  that 
juvenile  steelhead  from  the  Columbia  River  migrate 
away  from  the  mouth  of  the  Columbia  River  at  a  faster 
rate  than  Chinook  salmon  and  that  they  exit  the  plume 
area  soon  after  entering  the  ocean,  mostly  within  3  d. 
In  another  study,  few  juvenile  steelhead  were  caught  in 
trawl  hauls  conducted  1  month  later  in  June  along  the 
same  transects  used  in  our  study  (Daly  et  al.,  2014). 
It’s  likely  that  annual  variability  in  the  timing  of  ma¬ 
rine  entry  and  quick  migration  away  from  coastal  wa¬ 
ters,  evidenced  by  the  fact  that  we  caught  most  of  our 
samples  at  the  sampling  stations  farthest  from  shore, 
combined  to  cause  variability  in  our  sampling  success. 

A  thorough  evaluation  of  both  freshwater  and  marine 
environmental  drivers  of  migration  behavior  could  help 
describe  the  interannual  and  inter-stock  differences 
we  found.  Flow  can  influence  river  migration  rate  and, 
therefore,  timing  of  ocean  arrival.  Temperature  and  food 
conditions  can  alter  growth  rates,  resulting  in  disparity 
in  size  of  fish  among  years  or  stocks  and  influencing 
migration  behavior.  Importantly,  differences  in  survival 
can  influence  the  spatial  and  temporal  distributions  of 
the  surviving  individuals,  which  are  then  represented  in 
our  catches.  However,  initial  comparisons  with  some  ba¬ 
sic  measures  of  environmental  variables  (river  volume, 
river  plume  location  and  volume,  and  marine  tempera¬ 
ture  and  salinity)  did  not  highlight  obvious  drivers  of 
interannual  and  inter-stock  abundance  and  distribution 
(data  from  these  comparisons  are  not  shown). 

The  baseline  of  genetic  data  that  we  assembled  al¬ 
lowed  us  to  identify  stock-specific  distributions  of  ju¬ 
venile  steelhead  upon  their  entry  into  the  ocean.  The 
ability  to  identify  the  stock  of  origin  of  both  tagged 
and  untagged  steelhead  will  be  invaluable  for  future 
research  into  the  possibility  that  forces  that  affect  the 
survival  of  steelhead  during  early  marine  migration  in¬ 
fluence  different  genetic  stock  groups  differently. 
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Abstract — Accurate  estimation  of 
growth  parameters  is  vital  for  stock 
assessments  and  management  of 
exploited  species.  To  determine  if 
changes  in  sex-specific  growth  pa¬ 
rameters  of  the  blue  shark  f  Prionace 
glauca)  have  occurred  in  the  North 
Pacific  Ocean  following  population 
declines  in  the  1980s  and  1990s,  we 
analyzed  data  obtained  from  the  ver¬ 
tebrae  of  659  male  and  620  female 
sharks  that  had  precaudal  lengths 
(PCLs)  of  33.4-258.3  cm  and  were 
captured  over  a  wide  geographic 
area  between  2010  and  2016.  Maxi¬ 
mum  counts  of  growth  bands  were 
18  for  males  and  17  for  females. 
Significant  (P<0.001)  between-sex 
differences  were  detected  in  growth 
parameters.  We  estimated  param¬ 
eters  of  the  von  Bertalanffy  growth 
function:  for  males,  the  theoretical 
asymptotic  length  (L„)  was  284.9  cm 
PCL,  the  growth  coefficient  ( k )  was 
0.117/year,  and  the  theoretical  age 
at  zero  length  (t0)  was  -1.35  years, 
and,  for  females,  was  257.2  cm 
PCL,  k  was  0.146/year,  and  t0  was 
-0.97  years.  Sexual  discrepancies  in 
growth  rates  are  likely  a  function  of 
differences  in  energy  allocation  re¬ 
lating  to  reproduction  between  sex¬ 
es.  Given  that  no  remarkable  change 
in  growth  parameters  was  observed 
over  3  decades,  life  history  param¬ 
eters  of  this  population  do  not  ap¬ 
pear  to  have  been  affected  by  shifts 
in  stock  abundance  or  environmental 
fluctuation. 
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The  blue  shark  (Prionace  glauca)  is  a 
large  pelagic  species  found  worldwide 
from  temperate  waters  to  the  trop¬ 
ics,  from  60°N  to  50°S  (Nakano  and 
Stevens,  2008).  This  species  is  one 
of  the  most  prolific  and  resilient  of 
all  sharks  (Smith  et  al.,  1998;  Cortes 
et  al.,  2010)  and  the  most  abundant 
pelagic  shark  globally  (Nakano  and 
Stevens,  2008).  Blue  sharks  are  also 
a  valuable  fisheries  resource  that  is 
commonly  caught  in  pelagic  longline 
fisheries  both  as  a  target  species 
and  as  bycatch  (Nakano  and  Ste¬ 
vens,  2008).  Their  meat,  liver  (oil), 
cartilage,  and  fins  are  used  in  many 
countries  (Clarke  et  al.,  2006;  Camhi 
et  al.,  2008).  Consequently,  stock  as¬ 
sessments  of  this  species  have  been 
conducted  by  several  regional  fisher¬ 
ies  management  organizations  to  im¬ 
plement  appropriate  regional  conser¬ 
vation  and  management  strategies. 

Accurate  age  and  growth  informa¬ 
tion  is  essential  for  sustainable  man¬ 
agement  of  exploited  species.  Such 
basic  life  history  parameters  are  nec¬ 
essary  to  estimate  population  growth 
rates,  age  at  recruitment,  mortality 
rates,  and  longevity  (Campana,  2001; 
Goldman  et  al.,  2012;  Yokoi  et  al., 


2017).  Because  sexual  dimorphism 
is  common  in  shark  species — with 
females  being  typically  larger  than 
males  (Sims,  2005) — life  history  pa¬ 
rameters  should  be  based  on  sex- 
specific  growth  equations  for  proper 
stock  assessment  and  management 
(Punt  and  Walker,  1998;  Chang  and 
Liu,  2009).  Estimates  of  param¬ 
eters,  such  as  “spawning  biomass” 
(the  term  spawning  biomass  is  used 
in  stock  assessment  reports  to  rep¬ 
resent  the  biomass  of  reproductive 
organisms),  maximum  sustainable 
yield,  and  fishing  intensity,  can  be 
strongly  biased  when  an  assessment 
does  not  take  sexual  dimorphism  into 
consideration  (Wang  et  al.,  2005). 

Several  studies  have  reported 
age  and  growth  information  for  blue 
sharks  of  the  North  Pacific  Ocean 
(Cailliet  and  Bedford,  1983;  Tanaka 
et  al.,  1990;  Nakano,  1994;  Blanco- 
Parra  et  al.,  2008).  However,  varia¬ 
tion  in  growth  parameters  reported 
in  these  studies  could  be  caused  by 
differences  in  sample  size  and  size 
range  (e.g.,  Cailliet  and  Bedford, 
1983;  Henderson  et  al.,  2001;  Blan- 
co-Parra  et  al.,  2008)  and  in  aging 
technique  and  precision  (Tanaka  et 
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al.,  1990).  Additionally,  growth  pa¬ 
rameters  of  sharks  can  vary  as  a  con¬ 
sequence  of  population  density  (e.g., 
Sminkey  and  Musick,  1995;  Carlson 
and  Baremore,  2003;  Cassoff  et  al., 
2007).  Therefore,  estimation  of  growth 
parameters  requires  that  the  effects  of 
these  sampling  and  technical  biases  be 
taken  into  consideration. 

It  has  been  considered  that  the 
growth  parameters  described  by  Na- 
kano  (1994),  for  blue  sharks  of  the 
North  Pacific  Ocean,  are  representa¬ 
tive  of  the  life  history  of  this  species 
and  for  this  population  (ISC,  2017), 
given  that  a  relatively  large  number 
of  samples  were  collected  over  a  wide 
area  throughout  the  North  Pacific 
Ocean  in  1982  and  1983.  However, 
stock  biomass  of  blue  sharks  in  the 
North  Pacific  Ocean  decreased  in  the 
1980s,  reached  their  lowest  level  in 
the  early  1990s,  and  increased  from 
the  mid-1990s  to  2005  (Hiraoka  et  al., 
2016;  Ohshimo  et  al.,  2016;  ISC,  2017). 
Therefore,  it  is  possible  that  life  his¬ 
tory  parameters,  such  as  growth  rate 
and  age  at  maturity,  of  this  population 
had  changed  over  these  3  decades  be¬ 
cause  stock  biomass  fluctuated  widely. 
Accordingly,  our  objectives  were  to 
determine  1)  present-day  sex-specific 
growth  parameters  of  blue  sharks  in 
the  western  North  Pacific  Ocean,  on 
the  basis  of  analysis  of  vertebrae  of  a 
wide  size  range  collected  from  a  large 
geographic  area  throughout  the  year, 
and  2)  if  any  change  in  growth  rate 
had  occurred  over  the  last  3  decades. 


Materials  and  methods 
Sample  collection 

Blue  sharks  were  captured  between 
2010  and  2016  by  Japanese  research 
vessels  (longline,  driftnet,  and  trawl) 
and  by  commercial  longliners  operat¬ 
ing  in  the  western  North  Pacific  Ocean 
(Fig.  1A).  Sex  was  determined  by  pres¬ 
ence  or  absence  of  the  male  copulatory 
organs  (claspers).  Precaudal  length 
(PCL),  the  distance  from  the  tip  of  the 
snout  to  the  precaudal  pit,  and  dorsal 
length  (DL),  the  distance  from  the  ori¬ 
gin  of  the  first  dorsal  fin  to  the  origin 
of  the  second  dorsal  fin,  in  a  natural 
position  were  measured  to  the  nearest 
centimeter  for  specimens  collected  by 
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Figure  t 

(A)  Map  of  sampling  locations  and  (B)  length-frequency  distribution  for 
blue  sharks  {Prionace  glauca )  captured  between  2010  and  2016  in  the 
western  North  Pacific  Ocean.  The  letter  n  refers  to  the  number  of  samples 
used  for  growth  analysis. 
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Figure  2 

Images  of  vertebrae  from  blue  sharks  f Prionace  glauca)  captured  between 
2010  and  2016  in  the  western  North  Pacific  Ocean.  Vertebra  were  treated 
to  enhance  growth  bands  by  using  (A)  a  burn  method  and  (B  and  C)  thin- 
sectioning  after  staining  with  alizarin  red.  Black  arrows  indicate  observed 
growth  bands  for  2  sharks  of  different  lengths,  one  less  than  and  another 
greater  than  200  cm  in  precaudal  length  (PCL):  (A)  181.0  cm  PCL  and 
(B)  252.0  cm  PCL.  Panel  C  provides  an  enlarged  image  of  the  vertebra 
in  panel  B. 


using  a  research  vessel.  Only  DL  was 
measured  for  sharks  caught  by  com¬ 
mercial  vessels  because  the  head  and 
viscera  were  removed  prior  to  mea¬ 
surement;  DL  was  converted  to  PCL 
following  Fujinami  et  al.  (2017). 

Age  determination 

Cervical  vertebrae  were  excised  from 
the  region  above  the  branchial  cham¬ 
ber  and  stored  frozen  until  process¬ 
ing.  Vertebral  centra  were  boiled  for 
approximately  20  min  to  remove  most 
connective  tissue,  then  stored  in  70% 
ethanol  before  being  washed  in  run¬ 
ning  water,  soaked  in  sodium  hydrox¬ 
ide  solution  (5000  mol/m3  NaOH),  and 
scrubbed  with  a  polishing  buff  (20-cm 
microfiber  cloth;  Sankei  Co.1 *,  Tokyo, 

Japan)  to  remove  residual  connective 
tissue  from  their  surfaces.  After  clean¬ 
ing,  centra  were  washed  in  running 
water,  cut  longitudinally  into  2  sec¬ 
tions  by  using  a  diamond  saw  (MC- 
110;  Maruto  Instrument  Co.,  Tokyo, 

Japan)  with  the  focus  slightly  to  one 
side  to  avoid  cutting  the  focus  (Fig. 

2A);  each  half-cut  section  was  then 
air-dried  for  24  h.  The  centrum  radius 
(CR),  from  the  focus  to  the  edge  of  the 
centrum  perpendicular  to  the  direction 
of  the  cutting  plane,  was  measured  to 
the  nearest  0.01  mm  by  using  a  digi¬ 
tal  microscope  (VH-8000;  Keyence 
Corp.,  Osaka,  Japan).  The  CR  to  PCL 
relationship  was  estimated  by  using 
linear  regression  and  was  compared 
by  sex  by  using  analysis  of  covariance 
(ANCOVA). 

For  blue  sharks,  Fujinami  et  al. 

(2018a)  recommended  use  of  a  burn  method  (for  young¬ 
er  individuals)  simultaneously  with  other  methods, 
such  as  thin  sectioning,  bomb  radiocarbon  dating,  or 
tag-recapture  dating  (for  older  individuals).  Accord¬ 
ingly,  we  used  a  burn  method,  which  is  highly  efficient 
and  is  accurate  for  aging  of  small-  and  medium-sized 
blue  sharks  (<200  cm  PCL)  (Fujinami  et  al.,  2018a), 
and  a  thin-sectioning  method,  which  is  useful  for  aging 
older  sharks  (e.g.,  Matta  et  al.,  2017). 

Growth  bands  on  vertebrae  of  specimens  less  than 
200  cm  PCL  were  enhanced  by  burning  the  centrum  in 
accordance  with  Fujinami  et  al.  (2018a).  Vertebral  cen¬ 
tra  were  heated  to  250°C  in  a  drying  oven  (DO-300A; 
AS  ONE  Corp.,  Osaka,  Japan)  for  6-12  min  (Fig.  2A). 
For  larger  specimens  (>200  cm  PCL),  centra  were  sec¬ 


1  Mention  of  trade  names  or  commercial  companies  is  for  iden¬ 

tification  purposes  only  and  does  not  imply  endorsement  by 

the  National  Marine  Fisheries  Service,  NOAA. 


tioned  (1.0  mm)  by  using  a  sliding  microtome  (Retora- 
tome  REM-710;  Yamato  Kohki  Industrial  Co.,  Asaka, 
Japan)  without  embedding,  after  they  were  cleaned 
and  cut  in  half  as  described  previously.  Sections  were 
stained  with  alizarin  red  for  2  min  in  accordance  with 
Berry  et  al.  (1977)  and  rinsed  in  running  tap  water  for 
approximately  10  min  (Fig.  2B).  Finally,  stained  sec¬ 
tions  were  dehydrated  through  a  graded  ethanol  series 
(70%,  80%,  90%,  and  100%)  and  mounted  on  micro¬ 
scope  slides. 

Burned  centra  were  observed  by  using  the  shad¬ 
owing  method  (Francis  and  Maolagain,  2000;  Semba 
et  al.,  2009)  with  a  digital  microscope  and  fiber-optic 
light.  Sections  were  observed  by  using  an  SZX7  ste¬ 
reo  microscope  (Olympus  Corp.,  Tokyo,  Japan)  with 
reflected  light.  We  defined  a  growth-band  pair  as  one 
convex  band  (dark,  narrow)  and  one  concave  band 
(light,  broad)  on  the  centrum  surface  when  the  burn 
method  was  used,  and  we  defined  a  band  pair  as  one 
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translucent  band  and  one  opaque  band  on  the  corpus 
calcareum  when  the  thin-sectioning  method  was  used. 
We  counted  the  number  of  convex  structures  for  the 
burn  method  and  translucent  bands  for  the  section¬ 
ing  method.  A  single  reader  (reader  1:  senior  author) 
twice  counted  bands  at  2  different  times  without  prior 
knowledge  of  specimen  length.  A  third  count  was  made 
if  the  first  and  second  counts  did  not  coincide.  If  the 
third  count  was  the  same  as  either  the  first  or  second 
count,  the  duplicated  measure  was  used  in  analysis;  if 
the  third  count  did  not  agree,  a  sample  was  excluded 
from  analysis.  A  random  subsample  of  200  individuals 
was  read  by  a  separate  reader  (reader  2:  S.  Tanaka)  to 
ensure  consensus  in  interpretation  of  growth  bands.  To 
evaluate  inter-  (both  readers)  and  intrareader  (reader 
1)  aging  precision,  an  index  of  average  percentage  error 
(IAPE)  (Beamish  and  Fournier,  1981)  and  mean  coef¬ 
ficient  of  variation  (CV)  (Chang,  1982)  were  calculated. 
An  age-bias  plot  also  was  constructed  to  test  inter-  and 
intrareader  counts  (Campana  et  ah,  1995). 

For  age  estimation,  we  assumed  a  tentative  birth 
date  of  1  June  on  the  basis  of  the  birth  season  esti¬ 
mated  by  Fujinami  et  al.  (2017).  The  first  band  (birth 
band)  was  considered  to  be  formed  after  parturition 
on  the  basis  of  the  observation  of  vertebral  centra  of 
near-term  embryos  and  neonates  (see  the  “Results” 
section).  In  addition,  we  assumed  subsequent  growth 
bands  formed  annually,  on  1  December  (see  the  “Re¬ 
sults”  section);  therefore,  the  age  of  each  specimen  was 
calculated  as  follows: 

Age  =  (a  -  l)  +  ^^(a  >  1, 1  <  [3  <  12),  (1) 

12 

where  a  =  the  number  of  convex  structures  (translucent 
bands)  deposited  after  the  birth  band;  and 
(3  =  the  month  when  the  individual  was  caught. 

Age  verification 

To  verify  periodicity  of  growth-band  formation,  the 
most  peripheral  structure  on  each  centrum  was  classi¬ 
fied  as  either  convex  (translucent)  or  concave  (opaque). 
We  analyzed  monthly  changes  in  frequency  of  each 
band  on  the  centrum  edge  throughout  the  year.  The 
periodicity  of  growth-band  pairs  was  verified  by  using 
a  statistical  model  developed  by  Okamura  and  Semba 
(2009).  Three  models  were  constructed  according  to  dif¬ 
ferent  periodicities  of  growth-band  formation:  an  an¬ 
nual  cycle,  a  biannual  cycle,  or  no  seasonal  cycle.  Oka¬ 
mura  and  Semba  (2009)  suggested  that  the  model  with 
the  lowest  Akaike’s  information  criterion  (Burnham 
and  Anderson,  2002)  is  preferred  because  it  is  estimat¬ 
ed  to  be  closest  to  the  unknown  reality  that  generated 
the  data.  Vertebral  centra  with  only  one  band  (birth 
band)  were  excluded  from  analysis. 

Growth  analysis 

The  von  Bertalanffy  growth  function  (von  Bertalanffy, 
1938)  was  fitted  to  observed  length-at-age  data  by  us¬ 
ing  the  maximum  likelihood  approach  with  the  op- 


tim  function  in  R  (vers.  3.3.0;  R  Core  Team,  2016),  as 
follows: 

Lt  =  LJl-e-k(t-t»>),  (2) 

where  Lt=  the  predicted  length  at  age  t  (in  years); 

L„-  the  theoretical  asymptotic  length  (in 
centimeters); 

k  =  the  growth  coefficient  (per  year);  and 

£0  =  the  theoretical  age  at  zero  length. 

We  used  Kimura’s  likelihood  ratio  to  test  for  a  signifi¬ 
cant  difference  in  the  growth  parameters  of  males  and 
females  (Kimura,  1980).  We  tested  the  null  hypothesis 
(H0,  all  parameters  are  different  between  sexes)  ver¬ 
sus  the  alternative  hypothesis  (Hi-t^,  the  sex-specif¬ 
ic  growth  model,  in  which  one  of  the  parameters  is 
shared  for  each  sex,  and  H4,  all  parameters  are  shared 
between  sexes).  The  95%  confidence  intervals  (95%  CIs) 
of  parameter  estimates  were  derived  from  2000  resa¬ 
mpled  data  sets  by  using  the  bootstrap  method. 

Theoretical  longevity  Umax)  was  estimated  following 
methods  of  Taylor  (1958)  and  Fabens  (1965): 

tmax  =to-  ln(Q'°5)  (Taylor,  1958)  and  (3) 

k 

/max  =  5^“7^  (Fabens,  1965).  (4) 

K 

Age  at  maturity  and  maternity 

According  to  criteria  described  by  Fujinami  et  al.  (2017), 
sexual  maturation  in  males  was  classified  into  3  stages 
on  the  basis  of  calcification  of  the  claspers  and  testis 
development  (for  details,  see  Suppl.  Table  1)  (online  only): 
1)  immature  juvenile,  2)  maturing  juvenile,  and  3)  ma¬ 
ture  adult.  For  females,  sexual  maturity  was  assessed 
on  the  basis  of  uterine  width,  ovarian  development, 
and  the  presence  of  embryos  or  fertilized  eggs,  with  5 
stages  recognized  (for  details,  see  Suppl.  Table  1)  (on¬ 
line  only):  1)  immature  juvenile,  2)  maturing  juvenile,  3) 
mature  adult,  4)  mature  pregnant,  and  5)  mature  post¬ 
partum.  The  maturation  stage  of  each  specimen  was 
converted  into  binary  data  (immature=0,  mature=l)  at 
age  intervals  of  1  year  for  statistical  analysis.  A  logistic 
regression  model  was  fitted  to  the  binomial  maturity 
data,  to  determine  ages  at  50%  maturity  for  both  sexes, 
as  follows: 

Y  =  1  /  [1  +  exp{  -(a  +  (3/)}],  (5) 

where  Y  -  the  proportion  of  mature  individuals  of  each 
age; 

X  =  age;  and 
a  and  (3  =  coefficients. 

A  generalized  linear  model  with  a  binomial  error  struc¬ 
ture  and  logit-link  function  was  used  to  estimate  the  a 
and  (3  coefficients  by  using  R.  Female  maternity  ogive 
also  was  determined  by  using  maternal  condition  ac¬ 
cording  to  criteria  described  by  Fujinami  et  al.  (2017) 
(for  details,  see  Suppl.  Table  1)  (online  only).  Data  for 
maternal  condition  (pregnant  or  postpartum)  or  non- 
maternal  condition  (immature  or  non-pregnant  mature) 
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Table  1 

Monthly  numbers  of  vertebrae  used  for  age  determination  of  blue  sharks  (Prionace  glauca)  captured  in  2010-2016  in  the 
western  North  Pacific  Ocean. 


Month 


Sex 

Jan. 

Feb. 

March 

April 

May 

June 

July 

Aug. 

Sep. 

Oct. 

Nov. 

Dec. 

Total 

Male 

51 

31 

25 

66 

107 

74 

39 

15 

29 

65 

85 

72 

659 

Female 

25 

44 

42 

65 

61 

61 

29 

0 

22 

69 

97 

105 

620 

Total 

76 

75 

67 

131 

168 

135 

68 

15 

51 

134 

182 

177 

1279 

were  converted  to  binomial  data  (non- 
maternal  conditional),  maternal  condi¬ 
tion^).  The  logistic  function  was  fit¬ 
ted  to  these  data  in  the  same  way  as 
it  was  fitted  to  the  maturity  data  for 
estimating  age  at  50%  maturity. 


Results 

Age  determination  and  verification 

Cervical  vertebrae  were  collected  from 
1347  blue  sharks  (688  males,  645  fe¬ 
males,  and  14  sex  undetermined).  Of 
these  sharks,  for  growth  analysis,  we 
used  data  for  1279  individuals  (659 
males  and  620  females;  Table  1), 
which  had  PCLs  of  33.4-258.3  cm  for 
males  and  33.4-243.3  cm  for  females 
(Fig.  IB).  The  sex-specific  relationship 
between  CR  and  PCL  trended  in  a  lin¬ 
ear  fashion,  with  no  significant  differ¬ 
ence  between  sexes  (ANCOVA:  F- 3.70, 
P=0.06).  The  sex-combined  equation 
for  the  relationship  of  CR  and  PCL 
was  PCL=15.96CR+20.85  (coefficient 
of  determination  [r2]=0.920,  n=1279). 

Counts  of  growth  bands  were  1-18 
for  males  and  1-17  for  females.  There 
was  a  high  level  of  both  inter-  and 
intrareader  agreement  in  band  counts 
(Fig.  3,  A  and  B).  However,  errors  as¬ 
sociated  with  age  estimates  of  older 
sharks  were  larger  than  those  asso¬ 
ciated  with  ages  for  younger  sharks, 
although  sample  sizes  were  small.  In 
repeat  counts  by  reader  1,  the  counts 
for  710  samples  (55.5%)  agreed  com¬ 
pletely  and  the  counts  for  467  sam¬ 
ples  (36.5%)  differed  by  one  band. 
For  inter-reader  comparison  of  counts 
of  200  vertebrae,  the  counts  for  86 
samples  (43.0%>)  agreed  completely 


Figure  3 

Age-bias  plots  of  pairwise  comparison  of  vertebral  counts  (A)  by  reader  1 
(intrareader:  first  counts  versus  mean  counts)  and  (B)  by  separate  readers 
(inter-reader:  reader  1  versus  reader  2)  for  blue  sharks  ( Prionace  glauca) 
captured  between  2010  and  2016  in  the  western  North  Pacific  Ocean.  Er¬ 
ror  bars  represent  95%  confidence  intervals.  The  diagonal  line  indicates 
1:1  equivalence.  Numbers  at  the  top  of  the  graph  denote  the  sample  sizes 
for  each  count. 
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Figure  4 

Monthly  changes  in  frequency  of  occurrence  for  (A)  convex  and  concave 
structures  observed  on  vertebral  centra  of  blue  sharks  (Prionace  glauca) 
less  than  200  cm  precaudal  length  (PCL)  and  (B)  translucent  and  opaque 
band  pairs  observed  on  centrum  edges  for  blue  sharks  larger  than  200  cm 
PCL.  Sharks  were  captured  in  the  western  North  Pacific  Ocean  during 
2010-2016.  The  black  dots  denote  the  probability  of  an  annual  cycle  for 
growth-band  formation,  predicted  by  using  the  model  of  Okamura  and 
Semba  (2009).  The  numbers  above  bars  represent  monthly  sample  size. 


and  the  counts  for  61  samples  (30.5%)  differed  by 
only  one  band.  For  intra-  (reader  1)  and  inter-reader 
(reader  1-2)  evaluations  of  precision,  the  IAPE  values 
were  3.7%  and  5.3%  and  the  CV  values  were  4.2%  and 
5.9%.  No  pre-birth  band  was  apparent  on  near-term 
embryos  captured  in  May,  but  one  growth  (narrow) 


band  was  apparent  on  neonates  captured  in  late  June 
and  July. 

Monthly  characterization  of  the  centrum  edge  dif¬ 
fered  throughout  the  year  both  for  specimens  less  than 
200  cm  PCL  (n=1066)  and  for  specimens  greater  than 
200  cm  PCL  (n=169)  (Fig.  4).  The  proportion  of  con- 
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Table  2 

Comparison  of  goodness  of  fit  for  statistical  models  developed  for  3  dif¬ 
ferent  periodicities  of  growth-band  formation  in  blue  sharks  ( Prionace 
glauca )  of  2  size  classes  defined  by  precaudal  length  (PCL).  The  model 
with  the  lowest  Akaike’s  information  criterion  (AIC)  is  preferred  because 
it  is  estimated  to  be  closest  to  the  unknown  reality  that  generated  the 
data.  The  AAIC  statistic  is  the  relative  difference  between  the  best  model 
(which  has  an  AAIC  of  zero)  and  each  of  the  other  models  in  the  set. 


Size  class 

Periodicity  of 
band  formation 

AIC 

AAIC 

Individuals  <200  cm  PCL 

Annual  cycle 

1009.8 

0.0 

Biannual  cycle 

1232.5 

222.7 

No  cycle 

1283.7 

273.9 

Individuals  >200  cm  PCL 

Annual  cycle 

169.0 

0.0 

Biannual  cycle 

240.1 

71.1 

No  cycle 

236.1 

67.1 

Table  3 

Results  from  likelihood  ratio  tests  (Kimura,  1980)  for  the  von  Bertalanffy  growth  model  used  to  examine  differences  in 
growth  parameters  between  male  and  female  blue  sharks  ( Prionace  glauca)  in  the  western  North  Pacific  Ocean.  The  param¬ 
eters  of  the  von  Bertalanffy  growth  model  are  the  theoretical  asymptotic  length  (L„),  measured  in  centimeters  in  precaudal 
length;  the  annual  growth  coefficient  (k);  and  the  theoretical  age,  measured  in  years,  at  zero  length  U0).  H0=null  hypothesis 
(all  growth  parameters  differ  by  sex). 


Test 

Hypothesis 

L„ 

Male 

k 

to 

Female 

k 

to 

X2 

P-value 

H0  vs.  Hj 

L„,(male)  =  L„  (female) 

267.4 

0.134 

-1.16 

267.4 

0.133 

-1.10 

16.36 

<0.001 

H0  vs.  H2 

k  (male)  =  k  (female) 

268.6 

0.133 

-1.14 

266.5 

0.133 

-1.12 

14.94 

<0.001 

H0  vs.  H3 

t0  (male)  =  t0  (female) 

273.4 

0.130 

-1.14 

263.0 

0.136 

-1.14 

12.37 

<0.001 

H0  vs.  H4 

All  parameters  same  between  sexes 

267.1 

0.134 

-1.13 

267.1 

0.134 

-1.13 

21.66 

<0.001 

vex  structures  (Fig.  4A)  and  translucent  bands  (Fig. 
4B)  tended  to  increase  from  the  boreal  autumn  to  win¬ 
ter,  peaking  in  January,  and  to  be  lowest  in  summer. 
In  contrast,  concave  structures  (Fig.  4A)  and  opaque 
bands  (Fig.  4B)  were  prevalent  in  summer  and  least 
common  in  winter.  The  results  of  the  statistical  anal¬ 
ysis  of  Okamura  and  Semba  (2009)  indicate  that  the 
annual  cycle  of  band  formation  was  most  plausible  be¬ 
cause  the  model  with  that  periodicity  had  the  smallest 
Akaike’s  information  criterion  (Table  2). 

Growth  parameters 

There  was  a  significant  difference  between  the  sexes  in 
estimates  for  parameters  of  the  von  Bertalanffy  growth 
function  (Table  3).  Females  had  a  higher  growth  coef¬ 
ficient  (k-0. 146/year)  than  males  (^=0. 117/year),  but 
their  theoretical  asymptotic  length  (L„= 257.2  cm  PCL) 
was  shorter  than  that  for  males  (L„  =284.9  cm  PCL) 
(Table  4,  Fig.  5).  Growth  rates  of  both  sexes  were  simi¬ 
lar  until  an  age  of  approximately  7  years,  after  which 


the  female  growth  rate  gradually  decreased  relative  to 
that  for  males  of  the  same  age. 

The  maximum  observed  age  was  17.3  years  for 
males  and  15.8  years  for  females.  Theoretical  longevity 
estimates,  calculated  by  using  methods  of  Taylor  (1958) 
and  Fabens  (1965),  were  24.3  and  29.6  years  for  males 
and  19.5  and  23.7  years  for  females.  These  values  were 
greater  than  the  maximum  observed  age  for  either  sex. 

Age  at  maturity  and  maternity 

Maturity  data  were  available  for  414  males  (33.4-252.0 
cm  PCL)  and  365  females  (33.4-238.0  cm  PCL).  The 
youngest  mature  individuals  were  4.0  years  old,  and, 
for  both  sexes,  the  maximum  age  recorded  for  an  im¬ 
mature  individual  was  7.0  years.  The  age  at  which  50% 
of  males  were  mature  was  5.9  years  (95%  Cl:  5. 3-6. 4 
years),  and  that  of  females  was  5.3  years  (95%  Cl:  4.7- 
5.7  years)  (Fig.  6,  A  and  B).  Maternity  condition  data 
were  available  for  354  females  (33.4-238.0  cm  PCL); 
the  age  at  which  50%  of  females  were  in  maternal  con- 
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Table  4 

Estimates,  with  95%  confidence  intervals  (95%  CIs),  of 
the  parameters  for  the  von  Bertalanffy  growth  model 
used  to  examine  differences  in  growth  parameters  be¬ 
tween  sexes  for  blue  sharks  (Prionace  glauca )  in  the 
western  North  Pacific  Ocean.  The  parameters  are  the 
theoretical  asymptotic  length  (L„),  measured  in  centi¬ 
meters  in  precaudal  length;  the  annual  growth  coeffi¬ 
cient  ( k );  and  the  theoretical  age,  measured  in  years,  at 
zero  length  ( t0 ). 


Sex 

Parameter 

k 

to 

Male 

Estimate 

284.9 

0.117 

-1.35 

Lower  95%  Cl 

258.0 

0.109 

-1.44 

Upper  95%  Cl 

294.6 

0.145 

-0.90 

Female 

Estimate 

257.2 

0.146 

-0.97 

Lower  95%  Cl 

246.6 

0.131 

-1.17 

Upper  95%  Cl 

267.6 

0.163 

-0.79 

dition  was  6.7  years  (95%  Cl:  6. 3-7. 2  years)  (Fig.  60, 
an  age  that  is  1.4  years  older  than  the  estimate  of  age 
at  50%  maturity  for  females. 

Discussion 

In  this  study,  we  simultaneously  used  a  burn  method 
(Fujinami  et  al.,  2018a)  for  specimens  less  than  200  cm 
PCL  and  a  thin-sectioning  method  (e.g.,  Matta  et  al., 
2017)  for  individuals  greater  than  200  cm  PCL.  Ages 
of  blue  sharks  of  the  North  Pacific  Ocean  have  been 
determined  previously  by  using  silver  nitrate  impreg¬ 
nation  and  thin-sectioning  methods  (Table  5).  The  con¬ 
vex  and  concave  structures  that  we  observed  by  using 
the  burn  method  correspond  with  the  translucent  and 
opaque  bands  apparent  in  silver  nitrate  impregnation 
(Fujinami  et  al.,  2018a)  and  sectioning  with  alizarin 
red  for  older  specimens,  respectively,  indicating  that 
our  approach  with  simultaneous  use  of  a  burn  method 
and  sectioning  provides  comparable  age  estimates  for 
the  size  range  compared.  The  precision  of  ages  esti¬ 
mated  by  using  a  burn  method  and  silver  nitrate  im¬ 
pregnation  was  high  for  small-  and  medium-sized  in¬ 
dividuals  (<200  cm  PCL),  particularly  when  the  burn 
method  was  used,  and  the  precision  for  both  methods 
was  lower  for  older  specimens  (Fujinami  et  al.,  2018a). 
Use  of  the  burn  method  tended  to  result  in  counts  of 
fewer  bands  than  the  use  of  the  thin-sectioning  method 
when  band  counts  exceeded  11,  for  a  subsample  (n= 97) 
of  individuals  exceeding  190  cm  PCL  (Suppl.  Table  2) 
(online  only).  Shark  vertebral  growth  and  band-pair  de¬ 
position  are  both  tightly  linked  to  somatic  growth; 
therefore,  vertebral  growth  decreases  in  older  speci¬ 
mens  ( i.e. ,  the  vertebral  edge  narrows  in  older  sharks) 
(Natanson  et  al.,  2018).  Such  limited  growth  for  older 
specimens  is  detectable  in  thin  sections;  however,  it  is 


much  more  difficult  to  determine  in  intact  vertebrae 
(Matta  et  al.,  2017).  Consequently,  we  believe  that  the 
simultaneous  use  of  burn  and  thin-sectioning  methods 
provides  a  more  accurate  estimate  of  age  than  the  use 
of  only  a  single  method. 

We  observed  banding  patterns  in  blue  sharks  simi¬ 
lar  to  those  reported  previously.  Nakano  (1994)  sug¬ 
gested  that  the  birth  band  of  blue  sharks  of  the  North 
Pacific  Ocean  forms  just  after  summer  and  that  subse¬ 
quent  growth  bands  form  annually  in  the  boreal  win¬ 
ter  (on  the  basis  of  silver  nitrate  impregnation).  Slow 
growth-zone  formation  from  late  autumn  to  winter  and 
fast  growth-zone  formation  during  spring  and  summer 
also  were  reported  by  Wells  et  al.  (2017)  on  the  basis 
of  research  that  involved  analysis  of  vertebrae  from 
blue  sharks  injected  with  oxytetracycline  and  tagged 
and  recaptured  in  the  eastern  North  Pacific  Ocean. 
Our  results,  from  the  use  of  both  burn  and  thin-sec¬ 
tioning  methods,  are  similar  to  those  of  previous  stud¬ 
ies  in  the  North  Pacific  Ocean:  narrow  bands  (slow 
growth)  are  formed  in  the  winter,  and  broad  bands 
(fast  growth)  are  formed  in  the  summer.  Therefore, 
we  assert  that  growth-band  deposition  after  the  birth 
band  in  blue  sharks  of  the  North  Pacific  Ocean  occurs 
annually,  regardless  of  the  aging  technique  and  geo¬ 
graphic  area  of  sampling  used  to  estimate  ages.  Con¬ 
sequently,  the  increment  between  the  first  and  second 
bands  represents  about  6  months  of  growth  (tentative 
birth  period  in  June,  subsequent  band  formation  in 
December) — a  result  similar  to  that  reported  by  Na¬ 
kano  (1994).  Similar  patterns  also  have  been  reported 
in  other  species,  such  as  the  blacktip  shark  ( Carcha - 
rhinus  lijnbatus )  (Branstetter,  1987)  and  the  shortfin 
mako  ( Isurus  oxyrinchus)  (Semba  et  al.,  2009).  Several 
triggers,  such  as  environment  experienced  (e.g.,  wa¬ 
ter  temperature),  prey  availability,  physiological  dif¬ 
ferences,  and  movement  patterns,  might  be  related  to 
postnatal  band  formation  (e.g.,  Natanson  and  Cailliet, 
1990;  Wells  et  al.,  2017). 

The  asymptotic  length  of  blue  sharks  in  the  east¬ 
ern  North  Pacific  Ocean  (Cailliet  and  Bedford,  1983; 
Blanco-Parra  et  al.,  2008)  is  much  smaller  than  that  of 
blue  sharks  in  the  western  North  Pacific  Ocean  (Tana¬ 
ka  et  al.,  1990;  Nakano,  1994;  and  herein,  see  Table 
5).  To  provide  quantitative  estimation  for  growth  pa¬ 
rameters,  access  to  specimens  from  neonate  to  larger 
and  older  individuals  is  necessary  because  estimates 
of  growth  parameters  generally  are  affected  by  small 
sample  sizes  of  small  or  large  specimens  (Campana, 
2001;  Goldman  et  al.,  2012).  Growth  parameters  we 
report  for  this  study  differ  from  those  reported  for 
sharks  in  the  eastern  North  Pacific  Ocean  (Cailliet 
and  Bedford,  1983;  Blanco-Parra  et  al.,  2008),  possibly 
because  few  larger  and  older  specimens  (most  individu¬ 
als  were  less  than  200  cm  PCL)  were  represented  in 
samples  in  those  studies.  The  size  range  of  specimens 
reported  from  the  central  South  Pacific  Ocean  by  Joung 
et  al.  (2017)  is  similar  to  the  range  we  report,  as  are 
estimates  of  growth  parameters,  especially  asymptotic 
length  (Table  5).  However,  our  estimated  female  as- 
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ymptotic  length  is  less  than  that  reported  for  the  North 
Atlantic  Ocean  (Skomal  and  Natanson,  2003;  Table  5), 
possibly  because  a  greater  size  range  of  individuals  was 
examined  in  that  study.  Although  we  cannot  discount 
the  possibility  of  underestimation,  we  can  assert  that, 
at  least  for  blue  sharks  in  the  North  Pacific  Ocean,  our 
estimation  of  growth  parameters  used  more  specimens 
of  a  greater  size  range  than  that  of  any  previous  study. 

Another  possible  reason  for  variation  in  growth  pa¬ 
rameters  among  studies  could  be  differences  in  aging 
technique  and  precision  (Tanaka  et  al,  1990).  Where¬ 
as  most  previous  studies  on  blue  sharks  of  the  North 
Pacific  Ocean  have  used  silver  nitrate  impregnation 
to  age  specimens  (Table  5),  we  simultaneously  used  2 


complementary  techniques  (burn  and  thin-sectioning 
methods)  to  effectively  age  sharks  of  different  lengths 
(Fujinami  et  al.,  2018a).  As  discussed  previously, 
growth  bands  apparent  from  the  use  of  a  burn  method 
and  silver  nitrate  impregnation  are  comparable;  there¬ 
fore,  we  consider  any  effect  of  technique  to  be  slight. 
Furthermore,  because  we  used  the  thin-sectioning 
method  on  older  sharks,  we  minimized  underestima¬ 
tion  of  age.  The  aging  precision  (IAPE  and  CV)  that 
we  achieved  by  combining  techniques  is  comparable  to 
that  from  the  use  of  a  single  technique  like  thin  sec¬ 
tioning  (Lessa  et  al.,  2004),  silver  nitrate  impregnation 
(Blanco-Parra  et  al.,  2008),  or  X-ray  imaging  (Joung  et 
al.,  2017;  Joung  et  al.,  2018).  Consequently,  our  aging 
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Table  5 

Estimates  of  growth  parameters  of  the  von  Bertalanffy  growth  function  for  blue  sharks  ( Prionace  glauca)  from  previous 
studies.  Total  lengths  (TLs)  and  fork  lengths  (FLs)  from  studies  were  converted  to  precaudal  length  (PCL)  by  using  conver¬ 
sion  factors  of  Fujinami  et  al.  (2017).  The  parameters  are  the  theoretical  asymptotic  length  (L„),  measured  in  centimeters; 
the  annual  growth  coefficient  (k)\  and  the  theoretical  age,  measured  in  years,  at  zero  length  ( t0 ).  n=sample  size  used  in  the 
age  determination. 

Region 

Sex 

n 

Size  range 
(cm  PCL) 

L 

k 

t 

0 

Max. 

age 

Aging  method 

Study  citation 

N  Pacific 

Male 

43 

_ 

284.8 

0.10 

-1.38 

11 

Stained  thin  section 

Tanaka  et  al.  (1990) 

Female 

152 

- 

233.4 

0.16 

-1.01 

8 

N  Pacific 

Male 

148 

- 

289.7 

0.13 

-0.76 

10 

Silver  nitrate  staining 

Nakano  (1994) 

Female 

123 

- 

243.3 

0.14 

-0.85 

10 

NE  Pacific 

Male 

38 

18.1-192.9 

226.6 

0.18 

-1.11 

9 

Silver  nitrate  staining 

Cailliet  and  Bedford 

Female 

88 

184.9 

0.25 

-0.80 

9 

(1983) 

NE  Pacific 

Male 

122 

59.4-206.9 

230.1 

0.10 

-2.44 

16 

Silver  nitrate  staining 

Blanco-Parra  et  al.  (2008) 

Female 

62 

66.5-192.8 

181.5 

0.15 

-2.15 

12 

NW  Pacific 

Male 

659 

33.4-258.3 

284.9 

0.12 

-1.35 

17 

Burn  method  and 

This  study 

Female 

620 

33.4-243.3 

257.2 

0.15 

-0.97 

16 

stained  thin  section 

Central  S 

Male 

173 

87.5-242.0 

290.0 

0.13 

-1.48 

15 

X-ray  image 

Joung  et  al.  (2018) 

Pacific 

Female 

86 

82.1-227.9 

254.0 

0.16 

-1.29 

11 

N  Atlantic 

Combined 

411 

44.9-286.8 

263.6 

0.17 

-1.43 

16 

Thin  section 

Skomal  and 

Male 

287 

259.5 

0.18 

-1.35 

16 

Natanson  (2003) 

Female 

119 

285.7 

0.13 

-1.77 

15 

NE  Atlantic 

Combined 

159 

46.2-174.1 

289.9 

0.12 

-1.33 

6 

Unstained  whole 

Henderson  et  al.  (2001) 

S  Atlantic 

Combined 

742 

74.3-249.8 

270.9 

0.13 

-1.31 

15 

X-ray  image 

Joung  et  al.  (2017) 

SW  Atlantic 

Combined 

236 

131.8-238.1 

270.9 

0.16 

-1.01 

12 

Thin  section 

Lessa  et  al.  (2004) 

precision  was  greater  than  reference  IAPE  and  CV  val¬ 
ues  (Campana,  2001)  that  are  considered  acceptable. 

Our  findings  indicate  that  male  blue  sharks  grow 
larger  than  females  and  that  the  difference  in  growth 
rate  occurs  after  females  reproduce  (after  the  age  of 
approximately  7  years).  This  fact  is  widely  supported 
by  previous  studies  for  blue  sharks  of  the  Pacific  Ocean 
(Table  5).  However,  although  the  occurrence  of  sexual 
differences  in  growth  is  well  known  in  elasmobranchs, 
females  typically  grow  larger  than  males  (e.g.,  Cortes, 
2000).  Skomal  and  Natanson  (2003)  provided  the  only 
previous  report  of  female  blue  sharks  growing  larger 
than  males,  but  they  considered  the  extremely  large 
female  (286.8  cm  in  calculated  PCL,  Table  5)  in  their 
study  to  be  very  rare  given  natural  mortality.  Skomal 
and  Natanson  (2003)  also  reported  that  differences  in 
female  growth  began  at  ~7  years  of  age.  Therefore, 
sexual  differences  in  growth  rates  of  blue  sharks  are 
likely  attributable  to  differential  energy  allocation  be¬ 
tween  sexes,  as  has  been  reported  for  several  other 
shark  species  (e.g.,  Semba  et  al.,  2009;  Joung  et  al., 
2018).  In  general,  the  onset  of  maturity  results  in 
reduced  energy  allocation  toward  growth  and  in  in¬ 
creased  allocation  toward  reproduction  (Jensen,  1985) 
because  mating,  gestation,  and  parturition  in  female 
sharks  consumes  considerable  energy  (Francis  and 
Duffy,  2005).  Blue  sharks  are  one  of  the  most  produc¬ 
tive  (high  fecundity  and  annual  reproductive  cycle)  vi¬ 
viparous  sharks  (Fujinami  et  al.,  2017),  unlike  others 


in  the  family  Carcharhinidae,  indicating  that  females 
may  expend  more  energy  than  males  on  reproduction 
(e.g.,  mating,  gestation,  pupping,  and  migration  related 
to  reproduction)  and  more  energy  on  reproduction  than 
on  somatic  growth  following  sexual  maturation. 

Whereas  the  male  asymptotic  length  from  our  study 
is  similar  to  that  from  Nakano  (1994),  the  asymptotic 
length  for  females  from  our  study  is  slightly  greater 
(257.2  cm  PCL,  Table  5),  possibly  because  we  examined 
a  greater  number  of  large-sized  females.  Nevertheless, 
our  growth  parameters  do  not  differ  remarkably  from 
those  of  Nakano  (1994),  indicating  that  shark  growth 
rates  have  not  changed  demonstrably  with  shifts  in 
stock  abundance  from  the  1980s  to  the  2010s. 

The  most  recent  stock  assessment  of  blue  sharks  in 
the  North  Pacific  Ocean  reported  a  prompt  recovery 
of  spawning  biomass  (ISC,  2017).  Estimated  female 
spawning  biomass  exceeded  300,000  metric  tons  (t)  in 
the  early  1980s,  decreased  to  approximately  200,000  t 
in  the  1990s,  and  began  recovery  from  the  late  1990s 
to  reach  300,000  t  in  the  2010s.  This  upward  popula¬ 
tion  trend  has  been  attributed  to  a  decrease  in  fishing 
pressure  following  prohibition  of  high  seas  drift  nets  in 
1992  and  subsequent  decrease  in  the  numbers  of  long- 
line  vessels  (Hiraoka  et  al.,  2016).  Although  the  dif¬ 
ference  in  spawning  biomass  of  blue  sharks  from  the 
North  Pacific  Ocean  between  the  early  1980s  (Nakano, 
1994)  and  the  2010s  (our  study)  is  not  great,  the  bio¬ 
mass  in  the  intervening  years  fluctuated  considerably. 
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Age  (years) 

Figure  6 

Maturity  ogives  for  (A)  male  and  (B)  female  blue  sharks  (Prionace  glauca) 
and  (C)  maternity  ogive  for  female  blue  sharks  captured  in  the  western 
North  Pacific  Ocean  during  2010-2016.  The  dotted  lines  indicate  95%  con¬ 
fidence  intervals.  Also  provided  are  the  age  at  50%  maturity  (A50)  as  well 
as  the  coefficients  a  and  (3  with  standard  errors  (SEs). 


One  possible  reason  for  the  variation  is  that  growth 
and  sexual  maturation  may  have  changed  concomitant 
with  declines  in  shark  abundance  during  the  1980s, 
but,  along  with  a  rebounding  of  this  population  dur¬ 
ing  the  mid-1990s  and  2005,  these  parameters  might 
have  recovered  to  and  reached  values  comparable  to 
pre-decline  levels  of  the  1980s.  Alternatively,  the  rapid 


stock  fluctuation  of  the  1980s  and  1990s  might  have 
had  no  effect  on  growth  and  maturation  of  blue  sharks 
of  the  North  Pacific  Ocean.  Reproductive  parameters 
(e.g.,  size  at  maturity  and  gestation  period)  of  sharks 
in  the  western  North  Pacific  Ocean  during  2010-2016 
(Fujinami  et  al.,  2017)  differ  little  from  those  reported 
by  Nakano  (1994)  for  the  period  from  1978  to  1987. 
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Because  a  compensatory  response  can  take  a  long  time 
(e.g.,  Carlson  and  Baremore,  2003),  the  second  of  these 
explanations  is  more  plausible. 

Blue  sharks  have  a  considerable  geographic  range, 
from  coastal  to  pelagic  waters  and  from  temperate  re¬ 
gions  to  the  tropics  (Nakano  and  Stevens,  2008)  in  sea 
temperatures  of  5.6-28.0°C  (Nakano  and  Seki,  2003). 
This  species  is  also  an  opportunistic  feeder,  with  a  diet 
that  reflects  abundance  of  local  prey,  such  as  fish  and 
squid  (e.g.,  Preti  et  ah,  2012;  Fujinami  et  ah,  2018b). 
As  such,  blue  sharks  are  likely  tolerant  of  fluctuations 
in  food  resources,  buffering  the  species  from  anthropo¬ 
genic  stress  and  changes  in  environmental  conditions, 
such  as  water  temperature  (Levitus  et  ah,  2005;  Levi- 
tus  et  ah,  2012)  and  prey  abundance  (Chavez  et  al., 
2003).  In  addition  to  its  high  adaptability,  this  species’ 
relatively  fast  growth  and  high  productivity  probably 
explain  why  it  has  been  able  to  maintain  high  biomass 
levels,  outnumbering  other  shark  species  in  pelagic 
waters. 

We  establish  that  growth  parameters  of  blue  sharks 
of  the  North  Pacific  Ocean  have  not  changed  remark¬ 
ably  from  levels  observed  from  the  1980s  to  the  present 
day,  despite  changes  in  stock  abundance  or  environmen¬ 
tal  conditions.  Because  male  blue  sharks  grew  larger 
than  females,  and  after  the  age  of  about  7  years  had 
growth  rates  different  from  females,  we  believe  a  sex- 
specific  approach  for  assessing  stocks  of  blue  sharks  in 
the  North  Pacific  Ocean  is  necessary.  Given  the  num¬ 
ber  of  samples  in  our  study,  their  size  range,  and  the 
accuracy  of  our  aging  technique,  we  believe  the  growth 
parameters  that  we  report  are  appropriate  for  future 
stock  assessments  and  management  of  blue  sharks  in 
the  North  Pacific  Ocean.  Bomb  radiocarbon  dating  and 
tag-recapture  techniques  would  further  clarify  growth 
rates  of  these  sharks,  given  that  current  methods  and 
structure-based  aging  techniques  might  underestimate 
age,  especially  for  larger  and  older  individuals  (Harry, 
2018;  Natanson  et  al.,  2018). 
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Example :  The  fishes  of  Puget  Sound  [biodiversity 
is  implied]  or 

Example'.  The  fish  species  of  Puget  Sound  [pre¬ 
ferred  plural  for  clarity  across  disciplines]. 

•  Crab  and  crabs,  squid  and  squids,  etc. 

The  plural  of  the  word  crab  (i.e.,  many  individuals 
without  regard  to  species)  is  crab. 

Example'.  The  crab  were  sorted  by  weight. 
Example'.  Many  red  king  crab  were  dying  [Many 
individuals  of  one  species  of  crab.] 

The  plural  of  crab  species  is  crabs  (a  word  used  by 
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treatment.  [Preferred  word  choice  for  clarity  of 
meaning.] 


Example:  Snow  crabs  are  found  throughout  the 
North  Pacific  Ocean  and  Bering  Sea.  [There  are  2 
species  of  snow  crab  and  therefore  the  word  crabs 
can  be  used  here.] 

Example:  Two  species  of  snow  crab  are  found 
throughout  the  North  Pacific  Ocean  and  Bering 
Sea.  [Preferred  usage  for  clarity.] 

Example:  Three  crabs  were  selected  for  treat¬ 
ment.  [3  species  of  crab  are  implied.] 

Example:  Three  crab  species  were  selected  for 
treatment.  [Preferred  word  choice  for  clarity.] 

•  Fisherman  and  fisher 

We  use  fisherman  and  fishermen  in  this  journal  not 
fisher  and  fishers.  One  can  always  use  crew  member, 
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al  fishing. 

•  The  definite  article  with  common  names  of  species 
When  the  singular  common  name  of  a  species  repre¬ 
sents  the  entire  class  or  group  to  which  it  belongs, 
use  the  definite  article. 

Example:  Only  one  species  of  the  genus  Salmo  is 
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Example:  The  sonic  emissions  of  the  bottlenose 
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•  Sex 

For  the  meaning  of  male  and  female,  use  the  word 
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•  Participles 
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Example:  Using  mark-recapture  methods,  these 
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the  MS  Word  program  and  italicize  all  variables,  ex¬ 
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Authors  are  responsible  for  the  accuracy  and  com¬ 
pleteness  of  all  citations.  Literature  citation  format: 
Authors  (last  name,  followed  by  initials  for  first  name 
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journal  in  which  it  was  published.  Always  include  ei¬ 
ther  the  range  of  page  numbers  (for  a  journal  article) 
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1947;  Smith  and  Jones,  1985).”  Avoid  the  use  of  mul¬ 
tiple  citations  when  a  single  citation  sufficiently  sup¬ 
ports  a  statement;  cite  the  work  that  first  reported  the 
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communications,  unpublished  data,  manuscripts  in  re¬ 


view,  and  council  meeting  notes  are  footnoted  in  9-point 
font  and  placed  at  the  bottom  of  the  page  on  which  they 
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Tables  are  often  overused  in  scientific  papers;  it  is  sel¬ 
dom  necessary  to  present  all  the  data  associated  with  a 
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